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Abstract  
 
Understanding arbovirus infection is an important issue because it is a major threat 
to public health worldwide. Recent viral emergences have revealed their 
devastating effects, including the neuropathological impact of Zika virus in 
humans, and the dengue virus is also regarded as one of the most important 
arboviral infections in the world, according to the World Health Organization. 
There have been numerous studies that have investigated arboviral infections in 
mammals, however little is known on their impact in the main vector, the mosquito 
Aedes (Stegomyia) aegypti (Linnaeus, 1762).  
This thesis investigates the behavioural and neurophysiological changes triggered 
by Zika and Dengue virus infection in the mosquito vector. The PhD project 
combines medical entomology and virology, as well as neuro-engineering to 
understand neuronal communication alterations, in vitro.  To achieve this, 
microelectrode array technology was used to record electrical activity of mosquito 
primary neurons in comparison to mouse embryo neurons post infection. This is 
the first study of its kind using this technique with insect neurons, viruses or with 
both. 
Behavioural assays were developed to monitor the oviposition choice of the 
mosquito after viral infection. A female mosquito relies on different environmental 
cues to choose the best suited site to lay its eggs, as well as its olfactory preferences. 
These preferences depend of the mosquito larval and pupal olfactory rearing 
experience, tested in this thesis with the semiochemical skatole. Aedes aegypti 
larvae and pupae reared into skatole had a preference toward containers with 
skatole to lay their eggs. However, after dengue virus infection during a first blood-
meal, results have shown that skatole-induced females chose a different 
semiochemical environment where to lay their eggs, compared to the uninfected 
females. This change of behaviour in infected mosquitoes was also correlated with 
an increase of replicating virus in their head and probably their central nervous 
system. Finally, the expression of genes linked to learning pathways in the brain 
was modified during the infection, suggesting a possible viral interference in the 
olfactory learning processes.  
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Results from uninfected Aedes aegypti and those infected either with the Zika virus 
or the dengue virus, are discussed in this thesis. Arboviral infection changes its 
vector behaviour by increasing its locomotion activity. Two weeks monitoring of 
the Aedes aegypti females, either uninfected, dengue virus infected or Zika virus 
infected, revealed that an arboviral infection increases the vector activity. Changes 
were detected earlier for the Zika virus infected mosquitoes, 3-4 days post infection, 
while dengue virus infected mosquitoes had an increase activity after the second 
blood-meal at 10—11 days post infection. Replicating Zika virus was detected in 
the head nervous tissues of infected females after two weeks. To complete this 
study at the cellular level, Aedes aegypti primary neurons were cultured on 
microelectrodes arrays to record their electrical activity after Zika or dengue 
infection. Zika virus infection on the primary neuronal cultures triggered an 
increase of spike activity, however such alterations were absent in cultures infected 
with dengue virus. To support these data, additional tests such as confocal 
microscopy and molecular data (RT-q-PCR) were conducted on mosquito primary 
neuron cultures. Increases of synapse proteins and overexpression of genes linked 
to the glutamate pathways in Zika infected neuron cultures, lead to the hypothesis 
that Zika virus infection increases neuronal spike activity via the glutamate 
pathway.  
Mouse embryo primary neurons were also used in this work to compare Zika and 
dengue virus infection dynamism in the vector and mammalian hosts. As for the 
mosquito primary neurons, electrical recording from mouse embryo neurons 
showed an increase of spiking activity from one to three days post infection. 
However, unlike mosquito neurons, this hyperactivity is not maintained in the 
mouse primary neurons. On the contrary, almost no electrical activity could be 
detected from mouse neurons after a week post infection. Confocal microscopy, 
showing a significant decrease of mature neuron in Zika virus infected cultures, and 
previous studies form the literature lead to the conclusion that neurons were dying 
post hyper-excitation, probably due to the glutamate pathway. Unlike mosquito 
primary neurons, no overexpression was detected in genes corresponding to 
glutamate clearance proteins in mammalian host neurons, suggesting an excitotoxic 
effect triggered by Zika virus infection.   
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Finally, microelectrode arrays were used to record the electrophysiological activity 
from RML12 mosquito cells induced into neuron-like cells with 20-
hydroxyecdysone treatment. The mosquito continuous cell line showed 
morphological neuron-like changes after this hormonal treatment, such as cell 
arborisation. At the electrophysiological level, electrical recording from hormone-
treated RML12 cultures confirmed the potential neuronal differentiation of the cell 
line. Besides being an easier material to culture, treated RML12 cells electrically 
responded to the effects of some insecticides, showing their impact on the insect 
central nervous system.  
This thesis reveals the important role of virus-vector interaction in arbovirus 
infections and its potential to invade the nervous systems of humans and insects. It 
is shown that the effect differs between the two hosts, namely neuropathological 
impact on humans and potentially advantageous changes in mosquito vector 
behaviour.  
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Introduction 
 
“The belief is growing on me that the disease is communicated by the bite of the 
mosquito ... She always injects a small quantity of fluid with her bite - what if the 
parasites get into the system in this manner?” Sir Ronald Ross’ quote reflects his 
discovery of the malarial parasite in the gastrointestinal tract of the Anopheles 
mosquito and its transmission via the mosquito bite to the human host. His work 
laid the foundation for combating the disease and he received the Nobel Prize for 
Physiology or Medicine in 1902. 
A parasite is defined as any organism that decreases the fitness of its host by 
infecting it, including macro-parasites (e.g., worms), bacteria and viruses (Méthot 
& Alizon, 2014). 
The host and parasite antagonists have evolved and coexisted over a long period of 
time, developing defence mechanisms against each other more complex and 
evolved over time. This phenomenon is referred as the Red Queen's race. The host 
possesses a wide range of defence mechanisms with a complex immune system to 
tolerate the parasite, meanwhile the parasite evolves with new strategies to exploit 
its host (Poulin, 1995). It is noteworthy to mention that some virus parasites can be 
beneficial to their host in the condition of viral-host mutualistic symbioses. These 
beneficial viruses and their interactions with different host type have been reviewed 
by Roossinck (Roossinck, 2011). 
It is only in the 1970s that behavioural changes in parasite infected hosts have been 
reported and have caught the interest of the scientific community (Holmes, 1972). 
Behavioural alterations can be either non-adaptive by being by-product of the 
pathology caused by the parasite, or can have specific advantages for the parasite 
to enhance its transmission from host to host or survival (Poulin, 1995). Non-
adaptive behavioural changes are related to infection mechanisms such as host 
immune response, or inflammation of the central nervous system, hormonal, 
metabolic and neuromodulator communication alterations. On the other hand, 
selected behavioural alterations, which are initiated by a parasite infection to 
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specifically facilitate transmission, could be triggered by infection of specific 
neurons or regions of the brain, or by altering specific neuro-modulatory or 
hormonal pathways (Kaushik, Lamberton, & Webster, 2012). In case of multiple 
host cycles, behavioural modifications usually increase the exposure of the 
intermediate host to the next host of the parasite (called host-to-host transmission), 
or lead to a more suitable environment for parasite release (called choice of release 
site) to complete its cycle. Parasite-induced alterations in host behaviour have been 
described in a wide range of species reviewed in (Kaushik et al., 2012) and (Klein, 
2003), including protozoan (Saric et al., 2010), metazoan (Klimpel, Seehagen, & 
Palm, 2003), bacterial (Richard, 2017) and viral agents (Lycke & Roos, 1974).  
Records of parasite manipulation in the parasite-host system and their mechanisms 
evolved are not always well-understood but some cases are very well studied. A 
well-known example is the protozoan Toxoplasma gondii, which can manipulate 
its intermediary host behaviour by decreasing the rodent vigilance towards a feline 
predator and turning their innate aversion into a ‘fatal feline attraction’ (Webster et 
al., 2013).  Strong selective pressures applied to the parasite develop mechanisms 
to enhance transmission from rodent intermediate hosts to the definitive feline 
hosts, as parasite sexual reproduction can only be accomplished in felines. In 
hematophagous insects, another known way to increase parasite transmission could 
be to alter the vector blood feeding behaviour. Blood feeding behaviour altered in 
the vector by the parasite can be characterized by a higher frequency of bites, or an 
increased number of different hosts to bite, hence increasing the chance to colonize 
a new host.  For instance, sand flies infected with Leishmania showed an increase 
of biting persistence on mice by re-feeding after interruption, and also an increase 
of feeding on multiple hosts (Rogers & Bates, 2007). Infected Anopheles 
mosquitoes with plasmodium, a parasite which can cause malaria in human hosts, 
have been shown to take larger blood meals and were likely to bite several people 
per night compared to uninfected mosquitoes (R. Anderson, Knols, & Koella, 2000; 
R. A. Anderson, Koellaf, & Hurd, 1999; Koella, Sörensen, & Anderson, 1998; 
Rossignol, Ribeiro, & Spielman, 1984). Increased biting frequency may enhance 
transmission, especially if consecutive bites involve different hosts.  
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Studies on behaviour alterations due to parasite infection in vertebrates have 
described the proximate mechanisms by which the parasite can modulate the host 
behaviour. For example, it has been shown that parasites can alter social behaviours 
by infecting different cell types, such as endothelial cells, neurons, or glial cells and 
can alter chemical signals implied in the expression of behaviour by apoptosis and 
inflammatory immune responses within the brain (reviewed in detail in (Klein, 
2003)). Despite the importance of arthropod-borne viruses (or arboviruses) and 
possible viral disease emergence worldwide, not many studies have looked into 
vector behavioural changes after virus infection, especially in mosquitoes. Several 
laboratory studies have shown that infected mosquitoes had cytopathological 
effects on the vector in vivo. Females Coquillettidia perturbans infected with 
Eastern Equine Encephalitis virus had a significantly reduced lifespan after 8 days 
post infection (Moncayo, Edman, & Turell, 2000) and females Culex pipiens 
infected with Rift Valley fever virus markedly produced less eggs (Turell, Gargan, 
& Bailey, 1985). In addition, arbovirus infections can cause in vitro 
cytopathological effects as demonstrated with Culiseta Melanura females infected 
with Eastern Equine Encephalitis, where sections through the midgut revealed 
degenerating cells (S. Weaver et al., 1988). First evidence of mosquito behavioural 
changes after an arbovirus infection was reported by Turell et al. where he reported 
that Culex pipiens females infected with Rift Valley virus were less successful in 
completing a second blood-meal than uninfected females (Turell et al., 1985). Other 
studies have confirmed a blood feeding behaviour alteration in infected mosquitoes 
with longer probing time and increased feeding activity (Platt et al., 1997) or 
multiple feeding increase (Jackson, Brewster, & Paulson, 2014). However, these 
studies remain limited and do not show a comprehensive or mechanistic 
understanding of behavioural modifications after a viral infection in the mosquito 
vector. Data available on this topic can also be contradictory, depending of the 
arbovirus-vector system, for example Aedes aegypti infected with dengue virus 
showed an increase of flight activity (Tamara N Lima-Camara et al., 2011), while 
Culex tarsalis displayed a decrease of activity after western equine encephalitis 
virus infection (Lee, Rowley, & Platt, 2000). Moreover, comparison between 
studies can be difficult to make, as their protocols can be too different: delay times 
post infection for behavioural assays, infectious blood-meal versus intrathoracic 
infection, experimental setups for behaviour recording… Finally, the mechanisms 
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of these behavioural changes are totally unknown, and probably involve the 
nervous system. Some publications have shown that arboviruses are present in the 
nervous tissues of their vectors (Girard, Klingler, & Higgs, 2004; McElroy et al., 
2008; Salazar et al., 2007). However, the possible consecutive modifications of 
biology linked to this tropism have not been described.  
Insect neuroanatomy and neurophysiology are very well studied and understood in 
the Drosophila model and an insect brain systematic nomenclature has been 
published based on Drosophila brain anatomy (Ito et al., 2014). Flies and 
mosquitoes belong to the same insect order of Diptera, hence Drosophila represents 
a good model for potential shared features regarding neuronal mechanisms with 
mosquitoes (Perry & Barron, 2013). It is now well-recognized that insects are 
capable of associative learning and long-term memory (Aso et al., 2014a; Aso et 
al., 2014b) and that information is integrated, formed and retained in their 
mushroom bodies (Menzel, 2012; Schürmann, 2016). Mosquitoes are capable of 
associative learning and this ability has been demonstrated in different 
experimental conditions. Anopheles gambiae female mosquitoes can associate 
visual and olfactory cues with a reinforcing stimulus related to blood-meal quality 
and retain the information up to three days (Chilaka, Perkins, & Tripet, 2012). The 
Aedes aegypti mosquito can learn to avoid previously attractive visual and/or 
olfactory cues paired with a repulsive stimulus, such as an electric shock, after 
training (Menda et al., 2013). Although infections in nervous tissues are well 
studied in vertebrate models (Koyuncu, Hogue, & Enquist, 2013), not much is 
known in insects, even with the Drosophila model. Despite an extensive literature 
of identified Drosophila RNA viruses, only the Sigma and Drosophila C virus have 
been investigated at the host immune response level. The main immune 
mechanisms identified till now, against viruses in the fly model is the RNA 
interference mechanism (Lemaitre & Hoffmann, 2007). Virus-vector interactions 
are also well studied in mosquito continuous cell lines for vector competence and 
immunology responses (Thomas Walker et al., 2014); however neuro-specific virus 
mechanisms, replication and molecular pathway alterations in the vector nervous 
system (in vivo) or in primary neuron cultures (in vitro) are mostly unknown (Xiao 
et al., 2015).  
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To summarize, despite being a very important biological model of study, our 
knowledge on mosquito-arbovirus interactions are limited at the vector behaviour 
level and almost inexistent regarding the impact of infection on vector 
neurophysiology.  
 
Research objective and methodology 
 
To address these gaps in our global understanding of arbovirus-vector interactions, 
the overall objective of the thesis is to investigate the behaviour (phenotypic level) 
and neuronal communication (cellular level) of infected mosquito vectors. The 
research question that was addressed is: 
What are the possible alterations induced by an arbovirus on the behaviour 
and neurophysiology of its vector? 
 
This research question results in the following major objectives and study levels: 
➢ Identify and describe behavioural changes in the vector infected by an 
arbovirus. [Study level I: individual] 
➢ Assess for virus presence in the central nervous system of the vector (in 
vivo). [Study level II: organ/tissue] 
➢ Develop mosquito primary neuron cultures to study the virus impact on 
the neuron network communication (in vitro). [Study level III: cell] 
➢ Compare virus dynamics in infected neurons from mosquito vector and 
mammalian host. [Study level III.1: virus infection in host cells] 
➢ Identify possible neuronal pathways affected by the infection. [Study level 
III.2: host cell response to virus infection] 
➢ Confirm the method of inducing mosquito continuous cell line into neuron 
cultures by using electrophysiological recordings. [Study level III.2: host 
cell response to virus infection] 
To address these multidisciplinary objectives, different tools and techniques are 
used in this project.   
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❖ A biological model: Aedes aegypti infected with Zika virus or dengue virus 
Aedes aegypti species is used for in vivo and in vitro experiments, behavioural 
assays and as source of primary neurons. All arboviral experimental infections are 
done via a natural route of infection, meaning that mosquito females are orally 
infected. The study of vector behavioural alterations after infection focuses on Zika 
and dengue (serotype 2) viruses, belonging to the Flaviviridae family, and 
Flavivirus genus. The vector-arbovirus model is hence used at the all study levels.  
❖ Different techniques 
Virology technique of TCID50, defined as the tissue culture infectious dose which 
will infect 50% of the cell monolayers challenged with the defined inoculum, is 
used to calculate the virus replication rate in primary neuron cultures (study level 
III.1). The presence of virus in vivo is also confirmed by immunohistochemistry 
(study level II). 
In vitro experiments to record electrical activity from primary neurons are designed 
with the microelectrode array (MEA) technique. These devices are small glass 
chips on which the electrical activity of cell cultures can be recorded in a non-
invasive way, using microelectrodes. This technique has been widely used in 
neurotoxicology studies with rodent primary neurons (reviewed in (Johnstone et 
al., 2010)). Mosquito primary neurons, as well as mouse embryo neurons, are 
cultured on MEA and then infected to detect possible neurophysiological changes 
(study level III.2). 
Molecular techniques (such as RNA extraction and RT-q-PCR) and microscopy 
techniques (bright-field and confocal microscopy) are also used in this thesis to 
look at the virus effects at the cellular and molecular levels (study levels III.1 and 
III.2).  
Finally, behavioural assays are combined with developed algorithms for analysis, 
including image analysis for automatic mosquito egg counting and mosquito 
movement detection. Neuron electrical recordings are also partially analysed with 
algorithms developed to extract spike parameters and create useful graphical 
representation of the culture electrical activity.  
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The results presented in this document might however not reflect behavioural and 
neurophysiological alterations with other arbovirus-arthropod vector models, as the 
thesis is limited to one mosquito vector with two flavivirus species. 
The output of this research could lead to multidisciplinary applications. The thesis 
will also improve our understanding of the virus-vector interactions at the 
phenotypic level, including behavioural changes post infection, as well as the 
vector fitness costs.  The results of behavioural experiments after infections could 
lead to better vector control strategies, by using knowledge that infected mosquitoes 
can change their overall activity and ecological niche, hence improve risk 
distribution definition for insecticide treatment and site management. The data will 
be also important to take into account for virus-vector range prediction models at a 
moderate scale, limited at the size of villages or cities and their close perimeter. 
Finally, the novel methodology of culturing and recording neuron activity from 
mosquito primary neurons or induced continuous cell lines have numerous 
potential applications in pharmacology, electrophysiology and neurobiology. 
Infected primary neuron results could improve our understanding of viral impact 
on the vector nervous system in vitro. This may help decipher cellular and 
molecular mechanisms of neuro-infection in the vector, but also, by comparison 
with infection in mammalian host neurons, improve our knowledge of mammalian 
infections, including human infections. Furthermore, the development of methods 
for mosquito neuron cultures on MEA would represent a valuable tool for 
pharmacology and insecticide testing.  
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Structure of thesis 
 
This section outlines the structure of the thesis and the content of the following 
chapters. 
Chapter 2 - Literature review 
 
This chapter reviews the current state of the literature on mosquito-arbovirus 
interactions. First, arbovirus and vector will be defined, as well as their global 
importance on human health. After that, this section introduces and describes the 
Zika and dengue flaviviruses. Our general understanding of the mosquito vector is 
also presented and the Aedes aegypti species reviewed in more details.  
Then the literature review assesses the studies done on arbovirus-vector 
interactions at different levels, with the notion of competence, but also the impact 
of infection on the immunity, fitness and behaviour of the mosquito vector. Finally, 
the chapter focuses on the use of mosquito cells in neurophysiology including a 
description of the microelectrode array technique. 
This chapter concludes by highlighting the gaps this research area, showing that 
insect neuron cultures have been largely ignored, and explores the potential future 
for in vitro electrophysiological studies.  
The first result chapter of the thesis investigates the influence of dengue infection 
in Aedes aegypti females on their olfactory choices during their oviposition 
behaviour. So far, no study has looked at how mosquito site selection for egg laying 
could be affected by an arbovirus infection.  
Chapter 3 - Dengue virus infection changes Aedes aegypti 
oviposition olfactory preferences 
 
The research described in this chapter aims to identify a change of oviposition 
behaviour after dengue virus infection the Aedes aegypti vector.  
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Aedes aegypti mosquitoes, the main vector for numerous flaviviruses, have 
olfactory preferences and are capable of olfactory learning especially when seeking 
their required environmental conditions to lay their eggs. It was shown in this study 
that semiochemical conditions during Aedes aegypti larval rearing affected future 
female choice for oviposition: water-reared mosquitoes preferred to lay eggs in 
water or p-cresol containers, while skatole reared mosquitoes preferred skatole 
sites. By using two independent behavioural assays, it was found that this skatole 
preference was lost in mosquitoes infected with dengue virus. Moreover, although 
infected females did not show a decrease in survival, they laid less eggs than the 
controls. Viral RNA was detected in the head of infected female mosquitoes with 
an increase in virus load from 3 to 10 days post infection, indicating replication in 
the insect central nervous system. Expression of selected genes, potentially implied 
in olfactory learning processes, were also altered during dengue infection. Based 
on these results, the following hypothesis was made: dengue virus infection in 
nervous cells involved in olfactory learning alters gene expression accompanying 
a loss of preferences, possibly widening oviposition site choice of female 
mosquitoes. 
The next chapter, the Aedes aegypti vector infected with either Zika or dengue 
viruses was used to decipher possible neurobiological mechanisms involved in the 
locomotion activity behavioural changes observed in infected females.  
Chapter 4 - Neurotropism and behavioural changes 
accompanying Zika infection in the vector Aedes aegypti 
 
Chapter 4 addressed the question: what are the consequences of Zika and dengue 
infection on the Aedes aegypti vector’s locomotion activity and its central nervous 
system? 
Understanding Zika virus infection dynamics is essential, as its recent emergence 
revealed possible devastating neuropathologies in humans, thus causing a major 
threat to public health worldwide. Recent research allowed breakthrough in our 
understanding of the virus and host pathogenesis, however little is known on its 
impact on its main vector, Aedes aegypti. This section shows how Zika virus targets 
Aedes aegypti’s neurons and induces changes in its behavior. Results are compared 
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to dengue virus, another flavivirus, which triggers a different pattern of behavioral 
changes. The MEA technology was used to record electrical spiking activity of 
mosquito primary neurons post infections and revealed that only Zika virus causes 
an increase in spiking activity of the neuronal network. Confocal microscopy also 
revealed an increase in synapse connections for Zika virus infected neuronal 
networks. Interestingly, the results also showed that mosquito responds to infection 
by overexpressing glutamate regulatory genes, while maintaining virus levels. This 
neuro-excitation, possibly via glutamate, could contribute to the observed 
behavioral changes in Zika virus infected Aedes aegypti females. On the other hand, 
the neuro-excitation could be detected with dengue infected neuron cultures and 
behavioral changes of dengue-infected females appeared later than Zika-infected 
mosquitoes. Because dengue and Zika viruses have independently coevolved with 
the Aedes aegypti vector, the vector response to viral invasion in the insect nervous 
system is expected to be different, by likely showing different neuron and 
phenotypical responses.  This study reveals the importance of virus-vector 
interaction in arbovirus neurotropism, in humans and vector. However, it appears 
that the consequences differ in the two hosts, resulting in neuropathology in the 
human host while behavioral changes, that may be advantageous to the virus, occur 
in the mosquito vector. 
To complete this study, the next chapter is looking at the same neuro-infection 
mechanisms in a host model, mouse embryo neurons, in order to have a better 
comprehensive understanding of Zika virus infection in its two hosts. 
Chapter 5 - Zika virus-induced hyper excitation precedes death of 
mouse primary neuron 
 
This chapter aims to investigate the effect of Zika virus infection in the mammalian 
host model, by using the MEA technique in mouse embryo neurons. 
Zika virus infection in new born is linked to congenital syndromes, especially 
microcephaly. Studies have shown that these neuropathies are the result of 
significant death of neuronal progenitor cells in the central nervous system of the 
embryo, targeted by the virus. Although cell death via apoptosis is well 
acknowledged, little is known about possible pathogenic cellular mechanisms 
23 
 
triggering cell death in Zika virus infected neurons. In vitro embryonic mouse 
primary neuron cultures were used to study possible upstream cellular mechanisms 
of cell death. Neuronal networks were grown on MEA and electrical activity 
recorded at different times post Zika virus infection. In addition to this method, 
confocal microscopy and RT-q-PCR techniques were combined to observe 
morphological and molecular changes after infection. Zika virus infection of mouse 
primary neurons triggered an early spike in excitation of neuron cultures, followed 
by a dramatic loss of activity. This excitotoxicity mechanism, possibly via 
glutamate, could also contribute to the observed nervous system defects observed 
in human embryos and could open a new perspective regarding the causes of adult 
neuropathies. This model of excitotoxicity in the context of neurotropic virus 
infection, highlights the utility of neuronal activity recording with MEA to 
demonstrate the presence of more than one lethal mechanisms after Zika virus 
infection in the nervous system.  
Chapters 4 and 5 investigated the effect of infection in primary neuron cultures, a 
material which can be difficult to obtain for ethical or handling reasons. Chapter 6 
focuses on a new method to obtain neuron culture from a mosquito continuous cell 
line. 
Chapter 6 - Electrophysiological evidence of mosquito RML12 
cell line differentiated into neurons 
 
Continuous cell lines from insect larval tissues are widely used in different research 
domains, such as virology, insect immunity, gene expression, and bio 
pharmacology. Previous study showed that introduction of 20-hydroxyecdysone to 
Spodoptera cell line induced a neuron-like morphology with neurite extensions. 
Despite some results suggesting potential presence of neuro-receptors, no study so 
far has shown that these neuron-induced cells were functional. This chapter 
demonstrates that, using microelectrode array, the mosquito cell line, RML12, 
differentiated with 20-hydroxyecdysone, has spontaneous electrical activity, which 
can be stimulated by GABAergic antagonist as well as nicotinic agonist. These 
results provide new evidence of the functionality of 20-hydroxyecdysone induced 
neuro-differentiated mosquito cell line. Finally, this new model was used to test the 
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effects of two insecticides, temephos and permethrin. The analysis revealed 
significant changes in spiking activity after the introduction of these insecticides 
with prolonged effect on the neuronal activity. This differentiated mosquito 
neuronal cell model can be used for discovery and high-throughput testing of new 
pesticides on insect nervous system instead of primary neurons or in vivo studies.  
Chapter 7 - Discussion and perspectives 
 
Results and conclusions of each chapter are summarised here, and the significance 
of the general findings of this thesis is discussed, leading to new perspectives for 
this research. 
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Literature review 
I) Arboviruses and mosquito vectors: 
definitions and importance 
 
1. Arboviruses: definitions and classification 
 
a. Definitions 
 
Arthropod-borne viruses, or arboviruses, are viruses transmitted biologically to 
vertebrate hosts primarily through the bites of infected hematophagous arthropod 
vectors such as mosquitoes, ticks, sand flies, or midges (Hollidge, González-
Scarano, & Soldan, 2010). Prior to transmission, arboviruses must replicate in the 
arthropod vector, in opposition to mechanical transmission, where no replication is 
needed before transmission via contaminated mouthparts (S. M. Gray & Banerjee, 
1999). The biological transmission has two modes of transmission: first it can be 
vertical, meaning that the virus is transferred from an infected female vector to its 
offspring (A. N. Clements, 2012). Second, and more common, is the horizontal 
transmission, either venereal (from a vertically infected male directly to a female 
vector), or oral (from an infected female to a vertebrate host) via the saliva during 
blood feeding (S. C. Weaver & Reisen, 2010). The oral horizontal transmission 
requires infection of the vector alimentary tract after an infectious blood meal, then 
dissemination of the virus in the vector, and eventually virus replication in the 
salivary glands (for details see Chapter 1 II.1.b). Arboviruses have evolved in a 
way that they are able to replicate consecutively in their different vertebrate or 
arthropod hosts. This means that they can adapt to their different host internal 
environments.  To complete a transmission cycle, arboviruses are also able to 
replicate in each host type in order to transmit enough virions via a vector bite. Not 
all arboviruses can complete its cycle in any vector. To be an effective vector, 
26 
 
mosquitoes must have a high vector competence and vectorial capacity. A 
competent vector is an arthropod that is an efficient vehicle for an infectious agent 
between different host types and which is susceptible to infection. The vectorial 
capacity refers to a number of factors such as, vector competence, mosquito 
population density, host preferences, biting rate, and mosquito immune response. 
The vector competence of a mosquito for a specific arbovirus depends of the 
mosquito species and its strain, and an arbovirus might be transmitted by one or 
more mosquito species (for more details see Chapter 1 II.1.a). It is noteworthy that 
a mosquito species from a defined geographic region, can show vector competence 
for an infectious agent in artificial conditions, i.e. in the laboratory, but not all 
species that show vector competence in the laboratory are effective vectors in 
natural conditions. This can be explained by environmental factors, such as 
sympatry with the vertebrate host species, co-occurrence with the host species in 
time, and adult females host preferences (A. N. Clements, 2012). 
Arboviral viruses are usually transmitted in complex multi-host cycles, meaning 
involving non-human primates (Gubler, 1998), rodents (S. C. Weaver, 1998), or 
birds (Hubálek, 2004) and arboreal mosquitoes (Gubler, 2002b), ticks (Milan 
Labuda et al., 1997) or culicoides (Mellor, Boorman, & Baylis, 2000), however it 
is possible that spilling over into a rural or urban environment happens (Figure I-1). 
In this case, arboviruses can cause diseases in domestic animals and/or humans. 
These hosts are generally considered as dead-end hosts because their viremia is not 
high enough to start a new cycle, though there are exceptions, which can cause 
epidemics by human-to-human transmission, such as dengue virus (Paupy et al., 
2009) and Zika virus (Didier Musso et al., 2015). 
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Figure I-1: Illustration of a sylvatic cycle with spilling over event into a rural 
then urban environment with as example the transmission cycles of dengue virus, 
adapted from (Vasilakis et al., 2011). 
 
b. Classification 
 
Arboviruses are classified in three different groups (Figure I-2), depending of their 
RNA properties like strand number and sense. This includes six families with their 
genus(es): Flaviviridae (genus Flavivirus), Bunyaviridae (genus Nairovirus, 
Orthobunyavirus, Phlebovirus, and Tospovirus), Togaviridae (genus Alphavirus), 
Rhabdoviridae (genus Vesiculovirus), Orthomyxoviridae (genus Thogotovirus), 
and Reoviridae (genus Orbivirus and Coltivirus) (Go, Balasuriya, & Lee, 2014).  
The variety of RNA genome types and replication strategies from these RNA virus 
groups, suggest that this strategy of arthropod-borne transmission has appeared 
several times during the RNA virus evolution (S. C. Weaver & Reisen, 2010). 
There is one exception of this classification with the only known DNA arbovirus: 
African swine fever virus (Asfarviridae: Asfarvirus) (van Regenmortel et al., 2000). 
It has been suggested that the rarity of DNA arboviruses is due to the greater genetic 
plasticity and higher mutation rates displayed in RNA viruses (Holland & 
Domingo, 1998). These RNA properties would facilitate viruses to alternate 
replication in different vertebrate and invertebrate hosts. 
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More than 130 arboviruses are known to cause human diseases (Gubler, 2002b) 
and bunyaviruses, flaviviruses, orbiviruses and alphaviruses count for most of the 
causes of important human and veterinary arboviral diseases. In the next section, 
the family Flaviviridae will be described. 
 
Figure I-2: Taxonomic families of arboviruses and their classifications (adapted 
from (Go et al., 2014)). 
 
2. Flaviviridae: an arbovirus family of importance 
 
The arbovirus family of Flaviviridae is named after the jaundice caused by yellow 
fever virus (YFV) infection, from the Latin “flavus” meaning “yellow”. In this 
thesis, we will only refer to mosquito-borne viruses as “flaviviruses”, which make 
up a large portion of this family. The family also contains tick-borne viruses such 
as Tick-borne encephalitis (TBE) virus (Milan Labuda et al., 1997), or others listed 
in Labuda and Nuttall review (M Labuda & Nuttall, 2004). Flaviviruses are 
29 
 
encoded by a single-stranded, positive sense RNA genome, uncapped and non-
polyadenylated, of approximately 11 kb in length. For translation and replication 
flaviviruses rely on a highly structured UTR at the 5’ and 3’ regions of the viral 
genome, which is translated into a polyprotein that is cleaved. The single open 
reading frame encodes 10 viral proteins that are cleaved co- and post-translationally 
from the polyprotein by cellular serine proteases and viral proteases (E. A. Gould 
et al., 2003). The different proteins are a capsid (C), membrane (M), and envelope 
(E) structural proteins and non-structural (NS) proteins 1, 2A, 2B, 3, 4A, 4B, and 5 
(Lindenbach & Rice, 2003). 
 
a. Medically important mosquito-borne flaviviruses 
 
Mosquito-borne flaviviruses are the most widespread arthropod-borne viral 
pathogens in the world. The geographic distribution of each virus in this family is 
very broad, and consistent with other arboviruses, the distribution of each virus 
mirrors that of its vector (Y.-J. S. Huang et al., 2014).  
According to clinical neurological symptoms in their vertebrate hosts, medically 
important flaviviruses can be classified in two groups (Kramer & Ebel, 2003) 
(Table I-1): (i) neurotropic viruses, which are associated with encephalitic diseases 
in humans and livestock and Culex mosquito vectors (except Zika virus which is 
transmitted by Aedes mosquitoes and TBE virus by ticks); (ii) non-neurotropic 
viruses, associated with haemorrhagic diseases in humans and transmitted by Aedes 
vectors. In the first group (i) we can find Japanese encephalitis virus (JEV), St. 
Louis encephalitis virus (SLE), Kunjin (KUN) or West Nile viruses (WNV), and 
Zika virus (ZIKV). The other group (ii) includes dengue (DEN) and yellow fever 
(YF) viruses.  
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Table I-1: Medically important flaviviruses classified by their neurotropism in 
vertebrate hosts. 
Flaviviruses Human disease 
syndrome 
Reservoir 
hosts 
Main 
enzootic/endemic 
vectors 
Non-
neurotropic 
in 
vertebrate 
hosts 
Dengue 1, 
2, 4 
(sylvatic 
genotypes) 
Febrile illness, 
haemorrhagic 
syndrome 
Primates Arboreal Aedes 
spp. 
Dengue 1-4 
(endemic 
genotypes) 
Febrile illness, 
haemorrhagic 
syndrome 
Humans Aedes aegypti, 
Aedes albopictus 
Yellow 
fever 
Hepatitis, 
haemorrhagic 
disease 
Primates Aedes, Sabethes 
and Haemagogus 
spp. 
Neurotropic 
in 
vertebrate 
hosts 
Japanese 
encephalitis 
Febrile illness, 
encephalitis 
Birds Culex 
tritaeniorhynchus, 
Culex spp. 
St Louis 
encephalitis 
Encephalitis Birds Culex 
quinquefasciatus 
West Nile Febrile illness, 
encephalitis 
Birds Culex ssp. 
Kunjin Febrile illness, 
encephalitis 
Birds Culex spp. 
Zika Rash, fever, 
neurologic 
congenital 
syndrome 
Primates 
and 
humans 
Aedes aegypti, 
Aedes albopictus 
Culex pipiens* 
* Competence of Culex pipiens mosquitoes unclear: different studies have shown 
absence of virus in female mosquitoes (Aliota et al., 2016) or presence of Zika 
virus in salivary glands (Guo et al., 2016).  
 
i/ Neurotropic flaviviruses 
 
Japanese encephalitis virus (JEV) is responsible for more than 50,000 annual cases 
of encephalitis, with a case-fatality rate of about 25%, in eastern, south-eastern and 
southern Asia. Increasing tourism and travel increases also the numbers of people 
at risk of infection (Mackenzie, Barrett, & Deubel, 2002). This virus is transmitted 
mostly by Culex mosquito species that feed on birds, humans, pigs, horses, reptiles, 
or amphibian. There is no specific treatment for the diseases caused by JEV, but 
they are preventable by vaccination (Hills, Griggs, & Fischer, 2010). 
A close relative to JEV is the West Nile virus (WNV), which was first isolated in 
1937 in Uganda and probably originated in Africa. This arbovirus is the most 
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widely distributed of the flaviviruses, with strains from one of the two WNV 
lineages distributed throughout Southeast Asia, southern and Eastern Europe, 
Australia (as Kunjin virus, subtype of WNV (R. A. Hall, Scherret, & Mackenzie, 
2001)), and recently, the Americas (T. J. Gray & Webb, 2014; Kilpatrick, 2011). 
Unlike typical arboviruses, which infect a limited number of vectors, WNV has 
been reported to be infectious to more than 60 species of vectors. The enzootic 
transmission cycle of WNV involves the transmission of virus among birds by 
Culex spp. and infects a wide variety of other vertebrates, including dead-end hosts 
such as humans and equines. Previously associated with febrile illness, the 1996 
outbreak in Romania in humans had a high incidence of encephalitis. It was then 
followed by an epidemic in Russia with characterisation of many cases of 
neurological disease. Till today, no human vaccine is currently available, despite 
the use of effective equine vaccines and expanding avian vaccination for pets and 
exotic species (Beasley, 2011). The establishment of WNV in North America after 
its introduction in 1999 proved how quickly WNV can adapt and establish 
transmission cycles in different ecological niches with different susceptible 
vertebrate hosts and competent vector species (Turell, O'Guinn, & Oliver, 2000). 
Finally, since viral RNA has been detected in hibernating Culex spp. mosquitoes in 
nature, this mechanism was suggested to explain the WNV persistent infection 
during cold periods (Farajollahi et al., 2005).  
St Louis encephalitis virus (SLEV) is another related virus to JEV, but has only 
been isolated in the Americas during a large human encephalitis outbreak that was 
first recognized in Missouri, USA (Reisen, 2003). St. Louis encephalitis virus is 
also a re-emerging arbovirus in Argentina (Spinsanti et al., 2008) and Brazil (Rocco 
et al., 2005). This virus infects ornithophilic mosquitoes that replicate and transmit 
it to birds that do not show signs of infection, implying a long relationship between 
birds, the mosquitoes, and the virus (Kramer et al., 1997). Local outbreaks of St 
Louis encephalitis affect about 50 human individuals in total per year in North 
America, with a case fatality rates of about 7%, or higher for elderly patients. The 
disease is characterised by flu-like symptoms followed by acute or subacute 
meningeal and focal neurological signs (E. Gould & Solomon, 2008). Probably 
many cases that do not progress to neurologic diseases are never diagnosed. So far, 
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there are no vaccines against SLEV, but those being developed for West Nile 
encephalitis may provide some cross-protection against this disease.  
ii/ Non-neurotropic flaviviruses 
 
Yellow fever virus (YFV), first isolated in West Africa in 1927, was the first virus 
demonstrated to be transmitted by mosquitoes. The virus can be found in tropical 
regions of Africa and South America and is transmitted to primates by mosquitoes. 
In Africa, the virus circulates in a jungle cycle featuring Aedes africanus, opposed 
to an urban cycle featuring Aedes aegypti (Y.-J. S. Huang et al., 2014). An 
intermediate sylvatic cycle links the two in which Aedes spp. mosquitoes transmit 
the virus to humans and non-human primates (Monath, 2001). In South America, 
the jungle cycle is propagated by Haemagogus janthinomys and Sabethes 
chloropterus mosquitoes to humans and non-human primates (Barrett & Monath, 
2003). A combination of mosquito control and vaccination is efficient to control 
the disease, though YFV cannot be eradicated, as it is enzootic. Disease caused by 
YFV may be subclinical, mild and non-specific, or severe with jaundice, 
haemorrhage, and death. Sporadic outbreaks occurring in sub-Saharan Africa, 
combined with yearly incidence rates can reach 200 000 infections, including 30 
000 deaths (E. A. Gould et al., 2003). Despite the availability of an effective 
vaccine, yellow fever is considered a re-emerging disease due to its increased 
incidence in the past 25 years. Indeed, a recent yellow fever outbreak started in 
Angola in 2016 and became the most widespread outbreak of this disease reported 
in Africa in more than 20 years (Wilder-Smith, 2017). Not only this event lead to a 
depletion of all yellow fever vaccine stocks (Kraemer et al., 2017), but it also 
caused the first known importation of yellow fever into Asia (Wilder-Smith & 
Leong, 2017). This outbreak highlighted the potential threat of arbovirus 
transmission between virus endemic areas and new countries or continents due the 
growth of international travel (Wilder-Smith & Leong, 2017). 
Because dengue virus (DENV) is a virus with a highest public health impact 
worldwide (www.WHO.org) and Zika virus (ZIKV) is a recent (re)emergent virus, 
these arboviruses are described below in details and are the focus of this thesis. 
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b. Two viruses of main medical importance and their recent 
emergence 
 
i/ Dengue viruses 
 
With an estimated 390 million infections per year and threatening up to 2.5 billion 
people in tropical and subtropical regions, dengue viruses are probably the most 
important arboviruses worldwide. There are four serotypes of DENV, which are 
mostly transmitted by the urban vectors Aedes aegypti and Aedes albopictus 
mosquitoes, with Aedes albopictus being less competent (Vazeille et al., 2003). 
Dengue viruses are preserved in nature through two types of transmission cycles. 
In the sylvatic cycle, viruses are transmitted among non-human primates by several 
arboreal Aedes spp. mosquitoes, while the urban cycle brings virus transmission 
between humans and mainly the domestic Aedes aegypti and albopictus mosquitoes 
(Vasilakis et al., 2011). Unlike other flaviviruses, dengue disease in human is not a 
zoonosis, as DENVs exclusively use humans as reservoir and amplification hosts. 
Their transmission happens with mosquito vectors that live in close association 
with people (S. C. Weaver & Reisen, 2010).  
Most of the infections are limited to febrile illness, but a severe form of the disease 
can lead to life-threatening dengue haemorrhagic fever, with a mortality rate of 
2.5% (World Health Organization, 2009a). Fatal dengue haemorrhagic fever or 
shock syndrome disease manifestations were first described after World War II, 
which corresponds with an increased urbanization, particularly in Asia. Nowadays, 
DENVs are present in most Asian tropical regions, with two or more serotypes co-
circulating. Probably introduced periodically from Africa into the Americas by 
sailing ships and slavery trade since the 17th century, the emergence of DENVs in 
the Western Hemisphere started later, due to a partially successful campaign 
initiated by the Pan America Health Organization to control yellow fever by 
eradicating its main vector, Aedes aegypti in the 1940s. After introduction of Aedes 
albopictus from Asia in 1985, into the USA (Hawley et al., 1987) and Brazil, it 
allowed the possibility of a secondary vector for DENV transmission in the 
Americas. Since the last century, the geographic distribution of DENVs have 
increased not only in the Americas, but also in other regions of the world, increasing 
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human population exposure (Gubler, 2002a). Finally, in the near future, it has been 
shown that climate change, i.e. slight increase of temperature, is likely to increase 
the geographic area with favourable conditions for dengue fever transmission, 
hence putting at risk a larger of the world human population (S. Hales et al., 2002). 
Despite progress in the development of vaccines and antiviral therapies, DENV 
control relies heavily on the reduction of competent vector populations in nature 
with classical vector control methods, such as use of adulticides (Esu et al., 2010), 
larvicides (Mani et al., 2005), and site management (Chang et al., 2011). Another 
method would be to reduce or eliminate viral replication in the vector by releasing 
engineered mosquitoes in the wild. There are several approaches to produce 
mosquito lines that are refractory to DENV. First, by identifying genes which 
inhibits DENV replication, when expressed in the vector, like the RNA 
interference-like disruption demonstrated by Abràmoff and colleagues (Abràmoff, 
Magalhães, & Ram, 2004). Franz et al. genetically manipulated female mosquitoes 
to express inverted-repeat sequences derived from DENV2 genomic RNA 
triggering the RNAi response, which reduced the virus susceptibility of transgenic 
Aedes aegypti (Franz et al., 2006). However, this technique was showed a potential 
loss of resistance in established transgenic mosquito colonies (Franz et al., 2009). 
Second, by using the sterile insect technique, which reduces the total population of 
competent vectors in disease endemic regions, as female mosquitoes only mate 
once (Charlwood & Jones, 1980). This technique releases many sterile males that 
compete with normal males for mating, hence decreasing the total mosquito 
population (Phuc et al., 2007). A third vector control strategy to reduce the 
transmission of DENV is to use the obligatory intracellular Wolbachia to shorten 
the life span and reduce vector competence of Aedes aegypti (T Walker et al., 2011) 
driven by cytoplasmic incompatibility. This method has been demonstrated by Yen 
et al. with Culex mosquitoes, when they discovered that the sperm from Wolbachia-
infected male fertilized eggs from Wolbachia-free females and that these eggs were 
nonviable (Yen & Barr, 1971). The cytoplasmic incompatibility phenomenon 
happens when a Wolbachia-infected male, mates with an uninfected female or 
infected by another Wolbachia strain. An infected female is compatible with any 
infected or uninfected male of the same Wolbachia strain, but an uninfected female 
is only compatible with an uninfected male. In short, if the male is infected by a 
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strain of Wolbachia inducing cytoplasmic incompatibility, that is non-existent in 
its mate, it is then an incompatible cross. The development of biological control 
strategies for Aedes aegypti is important, but vaccines and antiviral therapies 
targeting DENV are also in development. The trivalent Chimerivax®-DEN 
vaccines, show promise for the prevention and control of DENV infections (Higgs 
et al., 2006), is now licensed. In the end, decreasing DENV transmission and 
clinical burden requires a multi-disciplinary approach which targets 
immunologically susceptible human populations and competent vectors. 
 
ii/ Zika virus 
 
Zika virus (ZIKV) is a flavivirus that was first isolated in 1947 in the canopy of 
Zika Forest in Uganda, from the blood of a sentinel rhesus monkey exposed during 
epidemiologic studies of yellow fever (Dick, Kitchen, & Haddow, 1952). Despite 
knowing that the virus could infect people, ZIKV was rarely studied and infections 
could have been misdiagnosed. Indeed, ZIKV disease is characterized by a broad 
range of clinical symptoms, such as fever, rash, headache, retro-orbital pain, 
myalgia, arthritis or arthralgia, conjunctivitis and vomiting (Olson & Ksiazek, 
1981; Simpson, 1964), which can also be clinical signs to dengue disease (Durand 
et al., 2005) and many other viral diseases such as chikungunya (Hochedez et al., 
2006). In addition, ZIKV presents serological cross-reactivity with closely related 
viruses (Ioos et al., 2014). Before its first significant outbreak in Micronesia on the 
Yap Island in 2007 (Figure I-3), ZIKV was silently transmitted and the absence of 
severe disease and lack of detection during large outbreaks allowed the infection to 
go undetected while spreading throughout Africa and Asia (Baud et al., 2017). In 
60 years, there were less than 20 human infections confirmed (Didier Musso & 
Gubler, 2016). 
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Figure I-3: Time line of Zika virus infection (from (Baud et al., 2017)). PHEIC 
means “public health emergency of immediate concern”. 
 
The first large ZIKV outbreak on the island of Yap (Duffy et al., 2009), was 
speculated to have been introduced by either travellers or infected mosquitoes 
originating from the Philippines, since travel exchange between Yap state and 
Philippines is very frequent (Mayer, Tesh, & Vasilakis, 2017). The second 
epidemic occurred in 2013 in French Polynesia, where the first neurological 
complications and non-vector borne transmission were described in few of the 
affected patients (D Musso, Nilles, & Cao‐Lormeau, 2014). This ZIKV strain was 
phylogenetically related to strains isolated in Yap and in Cambodia, thus implying 
that ZIKV could have been introduced from these regions. Other ZIKV cases were 
reported in New Caledonia in the South Pacific in 2014, and human infections were 
described in the Cook Islands and on Easter Island the same year. Finally, ZIKV 
reached the Americas between 2013 and 2015 with Brazil being the first country to 
report the virus presence (Didier  Musso, 2015). Phylogenetic analysis identified 
the Brazilian ZIKV as an Asian strain, suggesting a virus entrance through Asia or 
the South Pacific (Didier  Musso, 2015). Since ZIKV introduction in Brazil, 
autochthonous transmission has been reported in 31 other countries in the Americas 
(Hennessey, Fischer, & Staples, 2016). 
There are two hypotheses which can explain the emergence of ZIKV and the 
dramatic change in disease epidemiology (S. C. Weaver, 2017). Firstly, some 
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genetic change might have resulted in emergence of a virus strain with greater 
epidemic potential and virulence, causing epidemics with more severe and 
neurologic diseases (Liu et al., 2017; Yokoyama & Starmer, 2017). Secondly, the 
insufficiency of previous statistical power to detect rare events before 2013 could 
explain the recent emergence. The association between ZIKV infection and rare 
clinical syndromes, including microcephaly and Guillain-Barré syndrome, has only 
been possible with the increased incidence of infections during the epidemics in 
French Polynesia and the Americas. The latter hypothesis is so far most likely as it 
has been recently found that all ZIKV isolates can replicate in embryonic brain slice 
cultures (Rosenfeld et al., 2017). The study highlights that all virus lineages, 
African or Asian, from 1947 till today, are detected in early and midgestation 
mouse embryonic brain tissue. These results support the theory that neuronal 
pathology existed in earliest human ZIKV infections, but were too uncommon and 
happening in poor countries with no proper health infrastructures. Hence the link 
between ZIKV and neuropathology could not be easily established. However, it is 
not excluded that, among the different viral strains, genomic mutations have 
happened, possibly enhancing viral neuroinvasion. Finally, although all ZIKV 
isolates can replicate in embryonic brain slice cultures or embryonic tissues, does 
not support that all the ZIKV strains cause a neuropathology in humans. 
 
3. Mosquito vectors: a means of transmission for 
arboviruses  
 
The most striking resurgence of arboviruses (Zika, dengue, yellow fever, and 
chikungunya viruses) in this century have in common that they are all transmitted 
in urban or peri urban areas by Aedes spp. mosquitoes of the subgenus Stegomyia 
as their main vector.  
 
a. Definition of vector 
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Any blood-sucking arthropod species could be regarded as potential mean of 
arbovirus transmission. If there are well established examples of such transmission 
with mosquitoes, sand-flies, biting midges, blackflies and ticks, other groups of 
hematophagous insects have not been defined as biological vectors of any arbovirus 
(tsetse flies, fleas or bed bugs for example) (Mellor, 2000). However, they might 
be competent vectors via mechanical transmission with other viruses.   
The sections below describe the vector of most arboviruses, and is the mosquito 
and especially the species Aedes aegypti.  
 
b. Mosquito and its life cycle 
 
Mosquitoes belong to the Diptera order, which represents over 3,000 species 
worldwide (data from the “American Mosquito Control Association”). Only few of 
them can carry virus and may transmit it to other organisms. There are four 
developmental stages in the mosquito life cycle: egg, larvae (four instars), pupa and 
adult (Figure I-4). A summary of those stages is described below (from (Becker et 
al., 2003)). 
 
Figure I-4: Life cycle of mosquitoes using the common house mosquito as an 
example (Diagram by Mariana Ruiz Villarreal, https://www.biogents.com/life-
cycle-mosquitoes/).  
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Few days after a blood-meal (2 to 4 or more in cool temperature climates), female 
mosquitoes lay between 50 and 500 eggs depending of the species. If many choice 
parameters for a breeding site by the females are still unknown for many species, 
some factors such as water quality, incidence of light, existing eggs, available food, 
and local vegetation are important information that determine female’s decision to 
choose a breeding site (Day, 2016). Almost immediately after the eggs have been 
laid, the embryonic development starts and depending on the temperature, it can 
take about 2–7 days or more until the embryos are fully developed. After hatching 
in water, larvae feed on microorganisms, algae, protozoa, invertebrates and detritus. 
Larvae moult four times at intervals, before reaching the pupal stage. The body 
grows continuously whereas the head capsule is increased to the full-size 
characteristic of the next instar at each moult. Each moult is coordinated by the 
relative concentrations and interactions of moulting hormones: juvenile hormone 
and ecdysone. During this stage, a complex process of metamorphosis takes place. 
While the body of the adult is formed through the development of imaginal disks 
(cells or groups of cells that remained quiescent in the larval body until the pupal 
stage), others larval organs are broken down. The final stage of metamorphosis is 
completed when the adult emerges from the pupae. Following emergence, the 
adults are ready to start their life cycle, starting with feeding, mating, and 
oviposition. Once a female has successfully mated with a male, the initiation of egg 
production starts. For most mosquito species, oogenesis can only be completed 
when a female has access to a blood-meal. Therefore, female mosquitoes have 
developed a complex host-seeking behaviour to locate a potential host. The location 
of the host is mainly based on olfactory, visual and thermal cues. Females possess 
several and various antennal and papal receptors, which are activated in presence 
of host odours. The main olfactory stimuli are carbon dioxide, lactic acid, octenol, 
acetone, butanone and phenolic compounds. The host-seeking behaviour can differ 
within mosquito species depending on the season and the availability of certain 
hosts. When a female has found a host, and taken protein-rich blood, drastic 
changes in the female mosquito physiology happen, as shown by different 
transcriptome profiles (Bonizzoni et al., 2011; Rinker et al., 2013), odour 
perception (Siju et al., 2010) and female flight activity (Tamara Nunes Lima-
Camara et al., 2014) post blood-meal. Expression and regulation of a large number 
of genes occur, including digestive enzymes, as well as the creation of a series of 
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membranes around the midgut. Male mosquitoes only feed on sugar rich plant 
nectar and do not require a blood meal.  
 
a. Aedes aegypti, main vector of dengue and Zika viruses 
 
Dengue and Zika virus transmission involves a human-to-human cycle including 
urban mosquito vectors, such as Aedes aegypti, their main vector.  
Aedes aegypti distribution is today the widest ever recorded, alongside human’s, 
with the colonization of most continents, including North America and Europe, 
exposing more than 3 billion people living in Aedes infested regions to arbovirus 
transmission (Wilder-Smith et al., 2017). Aedes aegypti is mainly found in the 
tropics and subtropics, but new maps (Figure I-5) helps to predict their potential 
global distribution with relevant environmental variables (Kraemer et al., 2015), 
revealing new threatened area for future possible outbreaks.  
 
Figure I-5: Global map of the predicted distribution of Aedes aegypti showing the 
probability of occurrence (from 0 blue to 1 red) at a spatial resolution of 5 km × 
5 km, from (Kraemer et al., 2015). 
 
Aedes aegypti mosquitoes thrive in peri domestic environments close to people: 
females primarily lay their eggs in domestic small water-filled containers (Scott et 
al., 2000), they preferentially feed on human beings, and have a diurnal activity. 
Human-crowded places facilitate transmission via urban Aedes mosquitoes, and 
unprecedented urbanisation in tropical low-income countries in the past 50 years, 
could partially explain the increase of Aedes aegypti-borne diseases (Struchiner et 
al., 2015).  
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Aedes aegypti has a history of global expansion associated with trade and travel 
(Brown et al., 2014; Gloria-Soria et al., 2014). The species has been introduced 
over long distances and across continents thanks to international trade routes via 
shipping and overland spread driven by human movement and transport routes. 
This expansion has been facilitated by the endophilic behaviour of the mosquito 
(Tatem, Hay, & Rogers, 2006). The parallel and global spread of the associated 
arboviruses has surely been a consequence of the increasing global connectedness. 
Since these processes continue and the world becomes more urbanized and 
international travel increases, the risk of importation and subsequent autochthonous 
transmission of DENV and ZIKV will continue to increase (Baud et al., 2017; 
Messina et al., 2015; Wilder-Smith & Gubler, 2008).  
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II) Arboviruses and mosquito vectors: 
interactions between the two components 
of the transmission system 
 
1. Virus infection in the mosquito vector 
 
a. Notion of vector competence 
 
For a vector, being competent means being able to acquire, maintain, and transmit 
an arbovirus. For an arbovirus, being competent requires to be transmitted from one 
vertebrate host to another. Thus, these interactions involve a certain co-evolution 
between a virus and its vector. 
Genetic factors are innate immunity-related pathways and tissue barriers in the 
mosquito that an arbovirus needs to overcome. The factors related to vector 
competence can vary widely according to virus–mosquito species combinations, 
mosquito species and populations or strains. Only specific arbovirus species and/or 
strains are adapted to successfully overcome these factors. There are different steps 
for a productive arbovirus infection of a mosquito (Hardy et al., 1983), which are 
(1) initiation of infection in the midgut; (2) spread of infection within the midgut 
epithelium; (3) dissemination from the midgut to secondary tissues; (4) secondary 
amplification of the virus in various tissues outside the midgut; (5) infection of 
salivary glands (and sometimes reproductive tissues for vertical transmission to 
offspring); and (6) release of the virus into salivary ducts for horizontal 
transmission to an uninfected vertebrate host. 
 
b. From a blood-meal to the salivary glands 
 
To efficiently infect its vector and be transmitted between vertebrate hosts, the virus 
must overcome several tissue barriers associated with the midgut and the salivary 
glands between the blood meal and secretion from the salivary glands.  
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Firstly, arboviruses are ingested by the mosquito through a blood meal from an 
infected host. The viral titre of this infectious blood meal varies between hosts and 
viruses. It was usually reported considerably high, with an average of 107 PFU per 
ml of blood to be infective (S. C. Weaver, 1997), but recent data from the ZIKV 
outbreak show patients with low viremia levels (Lanciotti et al., 2008). Viral titre, 
as well as number of feeding sessions, increases the virus infection rate of the 
vector. After ingestion, the arbovirus faces major barriers to systemic infection such 
as mesenteron infection barrier (MIB), mesenteron escape barrier (MEB), salivary 
gland infection barrier (SGIB), and salivary gland escape barrier (SGEB) (Figure 
II-1).  
 
 
Figure II-1:  Barriers to the infection and transmission of arboviruses in 
mosquitoes, from (Mellor, 2000). Mesenteron infection barrier (MIB), mesenteron 
escape barrier (MEB), salivary gland infection barrier (SGIB), salivary gland 
escape barrier (SGEB), dissemination barrier (DB), transovarial transmission 
barrier (TOTB), and venereal transmission barrier (VTB). 
 
During the MIB, the arbovirus must be able to infect the midgut cells. This step is 
restricted by the receptors in the midgut cells, as well as by digestive enzymes 
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which process the virus glycoproteins (Tchankouo-Nguetcheu et al., 2010). The 
mosquito midgut is the major barrier for pathogen transmission, and MIB for 
arboviruses have been described for years (Forrester, Coffey, & Weaver, 2014; 
Franz et al., 2015). 
After entering the midgut cells, sufficient replication must then occur for the virus 
to enter the haemocoel (Woodring, Higgs, & Beaty, 1996), which is the MEB. 
Between the midgut and the haemocoel there are two different tissue components 
known as the matrix and the basal lamina that the progeny virus has to cross. 
Midgut basal lamina is a porous cell barrier impermeable to arboviruses (Romoser 
et al., 2005). The matrix is a temporary membrane that the mosquito creates around 
the midgut after taking a blood meal and it is also impermeable to arboviruses (Kato 
et al., 2008). It is suggested that arboviruses, when infecting these tissues, can 
change cell morphology and attachment, inducing motility of the cells thus 
disrupting and permeabilising these barriers by the use of matrix metalloproteinases 
(Wang et al., 2008).  
Following successful dissemination from the midgut, arboviruses usually infect 
hemocytes, fat body, neural tissue, and sometimes muscle tissue before infecting 
the salivary glands. Virus amplification in fat body and specifically in hemocytes 
has been regarded as an important prerequisite before the virus is ready to infect 
the salivary glands, also surrounded by basal lamina.  
Salivary glands are paired organs located in the thorax of the mosquito (A. N. 
Clements, 1992). Once the virus reaches the salivary glands and goes through the 
SGIB, it replicates at a higher titre than it does in other tissues (Arcà et al., 2007; 
Valenzuela et al., 2002).Invasion of salivary glands, similar to midgut infection, is 
likely receptor-mediated. Viruses are then exported to the saliva after crossing the 
SGEB, and they can be transmitted to another vertebrate host following a bite and 
a blood meal. 
 
c. Competence of the main vector, Aedes aegypti, for Zika and 
dengue viruses 
 
As mentioned above, the vector competence varies between vector species, viruses 
and virus strains. In addition, environmental factors can also modulate the vector 
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efficiency, where higher temperatures have been correlated to increase infection 
rate and shorter incubation period (Watts et al., 1987).  
Some studies looking at the competence Aedes aegypti mosquitoes for Zika virus 
showed relatively low virus competence (Chouin-Carneiro et al., 2016), addressing 
then the question about the role of other potential vectors, such as Aedes albopictus 
also competent (Wong et al., 2013). On the other hand, other studies have shown 
this species to be highly competent (Parameswaran et al., 2012). It has also been 
discussed that Aedes aegypti mosquito competence as a vector varies greatly and 
depends on mosquito origin and Zika virus strain (Roundy et al., 2017). They found 
that Zika virus transmission among 3 different Aedes aegypti mosquito populations 
differs from refractory to transmission to susceptible. On top of differences in 
competence among Aedes aegypti mosquito populations, they also demonstrated a 
significant difference in infectivity among Zika virus strains, with the strain from 
Dakar, Africa, being transmitted by all mosquito strains. 
A similar difference in DENV competence has been noted in comparisons of Aedes 
aegypti mosquito populations from different geographic locations (Gonçalves et 
al., 2014). It has been suggested that the infection barrier in one mosquito strain is 
serotype-independent, as a single population from Cali, Colombia showed similar 
levels of vector competence for the four DENV serotypes (Cox, Brown, & Rico-
Hesse, 2011; Nguyen et al., 2013; Serrato et al., 2017). In contradiction, others 
suggested local viral serotype adaptations (Fansiri et al., 2013; Lambrechts et al., 
2009). It has also been pointed out that he low vector competence variation 
observed within the mosquito strains may be due to their laboratory maintenance 
for multiple generations (Serrato et al., 2017). Indeed, field-collected mosquitoes 
showed significant variability DENV competence with the significant differences 
in term of viral replication in the vector (Ocampo et al., 2013). Finally, variability 
in vector competence has been detected at different scales (national, provincial and 
municipal), demonstrating the high variability by different geographic populations 
of Aedes aegypti (Scott et al., 2000; Serrato et al., 2017). 
It is expected that field mosquito populations with different levels of vector 
competence can appear, as vector populations are subject to mutation changes and 
this influences their ability to transmit arboviruses (Sim et al., 2013). Transcriptome 
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analyses of susceptible mosquito strains infected by different arboviruses can 
provide knowledge of how mosquito vectors respond to infection (Behura et al., 
2011), however our understanding of the variation in vector competence among 
different vector populations in nature is uncomplete.  
 
2. Impact of infection on its vector 
 
A consensus stipulates that arboviruses infect mosquito cells without causing 
significant damage, with little evidence of the cytopathic effects, usually observed 
in vertebrate cells. This would allow mosquitoes to remain infectious for their 
lifetime, compared to vertebrates that typically clear the infection from their 
systems or succumb to infection. However, more recent evidence suggests that this 
long-term vector infection have some effects on the immunity, fitness and the 
behaviour of the vector. 
 
a. Immunity 
 
The mosquito vector uses its innate immune system to control virus infection (Xi, 
Ramirez, & Dimopoulos, 2008). An arboviral Infection results in the activation of 
mosquito immune responses, which involves antiviral mechanisms that limit the 
mosquito’s infection. However, in contrast with the well-documented vertebrate’s 
immune response, the immune responses associated with arbovirus vectors such as 
the mosquito are still poorly understood. In mosquitoes, the presence of an RNAi 
response has been well documented and three pathways are possible: the small 
interfering RNA response (siRNA), the micro RNA pathway (miRNA) and the 
piwi-like RNA response (piRNA) detailed in (Lucas, Myles, & Raikhel, 2013).  
After the ingestion of infectious blood meals, the expression of innate immunity-
related genes in multiple signalling antiviral pathways such as the Toll, JAK-STAT 
and RNAi pathways, can be up-regulated (Ramirez & Dimopoulos, 2010; Sánchez-
Vargas et al., 2009; Souza-Neto, Sim, & Dimopoulos, 2009; Xi et al., 2008). 
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Remarkably, arbovirus infection in Aedes aegypti females also causes down-
regulation of the immune deficiency signalling pathway (Sim & Dimopoulos, 
2010). It has been shown that after a Flavivirus challenge, the Aedes aegypti 
transcriptome actively suppress the expression of several antiviral genes that limit 
viral replication (Colpitts et al., 2011).  
Arboviruses are also subject to antiviral pressures from the mosquito. The latter 
produces evolutionary pressures on the virus during its crossing of the different 
vector barriers, in order to be transmitted to the next host. These processes, 
affecting the virus, are referred as bottlenecks, which are stochastic events that 
significantly reduce the number of viral particles that are able to infect the next 
stage (Forrester et al., 2014). The actual viral diversity seems to be more important 
in the mosquito vector than it was previously documented. Since studies with WNV 
showed that bottlenecks exhibited higher viral RNA levels of diversity (Brackney 
et al., 2011), it has been suggested that the presence of the immune response affects 
arboviral diversity by increasing it.  
 
b. Fitness 
 
Arboviruses alternate cycle between vertebrates and invertebrates (apart from 
insect-specific arboviruses (Bolling et al., 2015)) , which is quite unique compared 
to other RNA viruses that use just one or several closely related host species 
(Forrester et al., 2014). As they replicate in two different hosts, there are special 
selective constraints on arboviruses shaping their evolution. Indeed, arthropod and 
mammalian hosts present conflicting challenges that limit arboviral adaptation to 
only one host, since adaptations are antagonistic from one to another (Turner et al., 
2010). As proof, it has been shown that arboviruses isolated from the wild show 
less genetic variation than predicted by their intrinsic mutation rates (C. T. Davis 
et al., 2005; Parameswaran et al., 2012). Studies have shown that viruses have 
different fitness constraints either in invertebrate or vertebrate hosts and these 
constrains are also specific to the virus (Forrester et al., 2014).  However, the 
arbovirus fitness is not limited when its transmission is alternating between 
vertebrate and invertebrate hosts. 
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Regarding the fitness of the mosquitoes, it is often assumed that arthropod-borne 
viral infections do not harm their arthropod vectors (Hardy et al., 1983). Based on 
this statement, the interaction between arbovirus and its vector should be benign, 
as opposed to deleterious effects, which would reduce the chance of survival and 
reproduction of the vector and virus transmission. Previous studies have confirmed 
this statement with no findings of disadvantageous effects to their arthropod vectors 
after an arbovirus infection (Dohm et al., 1991; Patrican & DeFoliart, 1985; Putnam 
& Scott, 1995). On the contrary, many others have shown that virus infection can 
cause a variety of harmful effects. 
To begin with, some cytopathological effects have been found in mosquito after 
arbovirus infection: in the midgut (Vaidyanathan & Scott, 2006) and salivary gland 
tissues (Girard et al., 2005). Then, arboviral infections also have been associated 
mosquito fitness cost: decreased of adult survival post eastern equine 
encephalomyelitis virus (EEEV) (Moncayo et al., 2000; Scott & Lorenz, 1998), 
western equine encephalomyelitis virus (WEEV) (Lee et al., 2000; Mahmood et al., 
2004) for alphaviruses and DENV infections (Maciel-de-Freitas, Koella, & 
Lourenço-de-Oliveira, 2011). The progeny of infected mosquitoes was also found 
decreased after the same viral infections, such as EEEV (Scott & Lorenz, 1998), 
WEEV (Mahmood et al., 2004), WNV (Styer, Meola, & Kramer, 2007) and DENV 
(Maciel-de-Freitas et al., 2011; Sylvestre, Gandini, & Maciel-de-Freitas, 2013). 
Finally, several studies have discovered altered behaviour of the vector after an 
arboviral infection. 
 
c. Behaviour 
 
In the 70s, scientists started to be interested in the change of behaviours in infected 
animals (Holmes, 1972). A majority of studies with parasites showed induced 
changes in host behaviour, and are believed to be parasite adaptations to enhance 
its transmission from host to host (Poulin, 1995). These behavioural changes 
usually increase the exposure of the intermediate host to the next host of the 
pathogen (called host-to-host transmission), or lead to a more suitable environment 
for pathogen release (called choice of release site) to complete its cycle. These 
phenomena have been reported from numerous species in almost every taxon of 
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classification and reviews are available for vertebrates (Klein, 2003) and insects 
(Poulin, 1998). 
i/ Impact of virus infection on the vector’s behaviour  
 
Some arboviral infections have been found to modify the vector behaviour. Most 
studies focused on the blood-feeding activity, such as probing time and number of 
engorgement. It has been found that Aedes aegypti infected with DENV has a total 
feeding time significantly longer than the time required by uninfected mosquitoes 
(Platt et al., 1997; Sylvestre et al., 2013). The same result has been found with 
Aedes triseriatus females infected with La Crosse Virus (bunyaviridae), as they 
tend to probe more often and engorge less than non-infected females (Grimstad, 
Ross, & Craig, 1980). However, conflicting results exist with one study showing 
no effect on feeding behaviour of DENV2 infected Aedes aegypti females (Putnam 
& Scott, 1995). In addition, infected Aedes aegypti with Rift Valley virus 
(bunyaviridae) displayed a shorter probing time with rapid location of blood 
compared to the uninfected group (Rossignol et al., 1985).  The authors suggested 
that a shorter host contact duration would be advantageous for the vector (and hence 
the virus), as the host would not have time to engage an efficient defence behaviour 
or develop inflammatory responses to the bite. More recently, Sim and 
collaborators (Sim, Ramirez, & Dimopoulos, 2012) revealed the potential 
modulation of mosquito feeding behaviour by DENV through chemosensory-
related molecules. Indeed, DENV infection induced transcripts of odour binding 
proteins (OBP) in the salivary gland, and OBPs are involved in the olfactory 
processes of host-seeking and probing, on which mosquitoes rely for blood meal 
acquisition. Since DENV transmission also relies on these same processes, 
experimental silencing of these OBP genes reduced the percentage of mosquitoes 
that probed on mice, and also increased probing initiation and probing times, 
indicating less efficient feeding behaviour (Sim et al., 2012). Less feeding on one 
mouse but repetitions of feeding on different mice, would hence increase virus 
transmission within the vertebrate host population. Finally, Aedes aegypti infected 
with Sindbis virus appeared to have a decrease in sensitivity to DEET and picaridin 
repellents, going along with a lesser time to locate blood and fully engorge (Qualls, 
Day, & Bowers, 2012a; Qualls et al., 2012b). 
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Not only blood feeding behaviour could be modulated by arboviruses. A study 
observed an increase of up to 50% in the flight activity of DENV2 infected Aedes 
aegypti mosquitoes (Tamara N Lima-Camara et al., 2011). In parallel, it has been 
shown that the protein kinase G, a phosphorylation protein, is able to phosphorylate 
the DENV NS5 protein in Aedes aegypti mosquitoes (Keating et al., 2013). In the 
same study, the authors showed that the injection of a pharmacological protein 
kinase G activator increased flight activity of Aedes aegypti and Anopheles 
gambiae mosquitoes, suggesting a potential mechanism by which the virus 
modifies its vector activity. On the contrary, other mosquito-virus systems showed 
a decrease of locomotion activity after infection. Culex tarsalis infected with 
WEEV displayed less flight activity and fewer spontaneous flights than uninfected 
mosquitoes (Lee et al., 2000). Culex pipiens infected with WNV showed a 
decreased host-seeking response without affecting the flight activity or blood 
feeding tendency (Vogels et al., 2017).  
Despite some evidence, there are no clear pattern of behavioural changes, as the 
results change from one mosquito-virus model to another. Moreover, experimental 
conditions and setup are quite different making it difficult to compare those studies. 
Different sampling time post infection, viral load infection and mean of mosquito 
infection via blood-feeding or micro-injections are the major parameters, which 
could contribute to different results. Vector-virus interactions have also evolved 
differently in different models, hence probably triggering different phenotypic 
responses from the vector, such as different behavioural changes. If some data are 
published regarding the change of locomotion activity and blood-feeding 
behaviour, no work could be found regarding the oviposition behaviour post 
infection, a rather important behaviour to look at for vector control strategies.  
 
ii/ Tools for behavioural assays 
 
Nowadays, there are more software and programs designed to improve biological 
data analysis and relieve the experimenter of manual analysis, which can be 
sometimes a very tedious work. Mosquitoes are challenging as they are small and 
flying insects and can lay few hundred eggs per blood meal. Experimental 
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repetitions are necessary to validate the data, therefore automated sampling and 
behavioural analysis become essential to study mosquito vector behaviours.     
Difficulties and developed solutions are described for Aedes spp. egg counting 
((Gaburro et al., 2016), Appendix I), as well as an automated behaviour analysis 
methodology to monitor and quantify the general locomotion activity of mosquito 
colonies in laboratory conditions ((Khan et al., 2015), Appendix II).  
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III) Arbovirus and mosquito vector: the use of 
mosquito cells to study vector neuronal 
infections 
 
If the mechanisms of arboviral infections in the nervous tissues are well-studied in 
mammalian hosts (Koyuncu et al., 2013), this aspect is less acknowledged in the 
mosquito vector. Two flaviviruses have been shown to replicate in the mosquito 
nervous system in their vector nervous system (Girard et al., 2004; Salazar et al., 
2007), however the mechanisms of neuron infection mostly unknown, as well as 
the possible consequences on the vector physiology (fitness and behaviour).  
 
1. The use of mosquito cell cultures in 
neurophysiology 
 
To study the infection of neurotropic virus in vectors, we need neuronal cultures to 
decipher the mechanisms of neuronal invasion, in vitro.  
 
a. Insect primary neuron cultures 
 
A primary culture refers to the stage of the culture after the cells are isolated from 
the tissue and proliferated under the appropriate conditions until they reach a stable 
stage to be transferred to a new vessel with fresh growth medium to provide more 
room for continued growth (ThermoFisher). Insect primary neuron cultures are 
useful for studying the shape, the function and chemistry of neurons in a simplified 
and controlled environment (Kreißl & Bicker, 1992). The data are valuable in 
different areas of research such as physiology, pharmacology and cell interactions. 
Nowadays, precise staining, powerful microscopes and 3D image analysis allow to 
go further in the anatomical understanding of the brain morphology and structure. 
Hence the architecture of the mosquito deutocerebrum was studied in detail with 
number of glomera and neurons structure from Anopheles gambiae and Aedes 
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aegypti mosquitoes, with structural differences between male and female 
individuals (Ignell et al., 2005). Recording the activity of individual neuron is also 
possible, such as action potential detection in single taste receptor neurons, 
allowing the detection of hydro soluble compounds of single taste receptors in 
insects (Avenet & Lindemann, 1991). 
Although insect neuron culture is well used and developed, those from mosquitoes 
are quite rare. Neuronal cultures have been developed in many and different types 
of insects at all development stages and reviewed by Beadle in 2006 (Beadle, 2006), 
from the first cultured embryonic cockroach brain in 1970 to crickets, flies, moths 
and bees, adult and embryonic neuron cultures. The material has improved our 
understanding in neurophysiology with, for example, the first characterization of 
potassium channels done with brain cricket primary cultures (M. Cayre et al., 
1998). Drosophila neuron cultures provided information about potential genes 
involved in action potential generation (Küppers-Munther et al., 2004). Insect 
primary neuron cultures are also used in pharmacology studies, for instance 
Drosophila primary neurons have shown the deleterious effects of low 
concentration of neonicotinoids (G. l. Charpentier et al., 2014). Finally, an 
interesting aspect of neuronal primary cultures is the possibility to culture different 
nervous cell types together. Hence, it is possible to study interactions between 
neurons and glial cells during the development of the insect neuron system 
(reviewed by (Oland & Tolbert, 2003)), providing important contribution to 
neurodevelopmental studies.  
It is surprising that mosquito primary neurons haven’t been used yet for 
pharmacology or electrophysiology studies, as the need to understand insecticides 
and repellents effects is essential for vector-borne disease control. Especially today 
as main vector species develop multiple resistance mechanisms to usual 
insecticides (Moyes et al., 2017). So far, only one paper has compiled 
electrophysiology, pharmacology, and biochemical assays using the Malaria 
mosquito vector Anopheles gambiae (Lavialle-Defaix et al., 2011). The authors 
emphasise the fact that they are the first to develop this kind of primary culture, 
called Mosquito Isolated Neurons. Designing mosquito primary neuron culture 
represents a powerful neurophysiological tool, which is still lacking in the current 
literature. 
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Considering that some arboviruses have an affinity to nervous tissues in the vector, 
i.e. is neurotropic, mosquito primary neuron cultures would also be useful to study 
cellular effects of viral infection in the vector’s nervous tissues. However, primary 
neuron cultures have some drawbacks, since there is no effective technique to 
provide high numbers of mosquito neurons in a short period of time so far. In vitro 
studies using cell lines are a good alternative model to live insects, as cells 
maintenance is not as constraining than insects rearing, and not every facility can 
afford the means and requirements for insect isolation and pathogens security. 
 
b. Generalities on mosquito continuous cell lines 
 
Mosquito cell lines can be valuable tools to study the most basic molecular 
mechanisms of arbovirus infection of vectors, but also to amplify arboviruses 
(required for oral feeding experiments) and define the efficacy of new compounds 
(insecticides and biocontrol agents). There are few mosquito cell lines derived from 
Aedes mosquitoes (reviewed in (Thomas Walker et al., 2014)). The main mosquito 
cell lines are from Aedes albopictus mosquito larvae. The origin of the Aedes 
albopictus cell lines can be traced to common ancestral cultures known as ‘Singh’ 
cells, named after the scientist who started characterising them. The cell lines were 
made from heterogeneous population of cells cultivated from ground mosquito 
larvae. These cells were selected for arbovirus growth (Singh & Paul, 1968), were 
distributed and occasionally, cloned (Bhat & Singh, 1971). Other Aedes cell lines 
provided useful insight for arbovirus replication mechanisms in vitro (Yunker, 
1987): for examples, the cell lines A.t. GRIP-1, 2, and 3 from Aedes triseriatus with 
La Crosse encephalitis virus (G. Charpentier et al., 1995); AP-61 from Aedes 
pseudoscutellaris with Rift Valley fever virus (Digoutte et al., 1989) and C6-36 
from Aedes albopictus (Singh, 1967) widely used by virologist with a wide range 
of arboviruses (Thomas Walker et al., 2014). This last cell line is susceptible to a 
wide range of arboviruses, partly due to a dysfunctional antiviral RNA interference 
response (Brackney et al., 2010). 
Among these Aedes albopictus cell lines, the RML12 one has shown to be 
particularly susceptible to numerous arbovirus infections, such as DENV and WNV 
(Kuno, 1983) and JEV (Sudeep et al., 2009). Viruses are replicating at high titre, 
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with no cytopathogenic effect on the cell cultures observed. The morphological 
analysis of the RML12 line showed a main proportion of epithelial-like cells (92%), 
and fibroblast-like cells (7%) and a few giant and vacuolated cells (Sudeep et al., 
2009). The cell line has been previously reported to be a derived from Aedes aegypti 
larval tissues (Kuno, 1983; Sudeep et al., 2009), but recent reports have 
acknowledged the Aedes albopictus origin (Frentiu et al., 2010; Voronin et al., 
2010). 
In general, mosquito disease vector cell lines are used for virus isolation and to 
study the immune system response of the vector against viruses. No cell lines 
derived from the nervous system are known in mosquitoes.  
 
c. Mosquito cell lines can be induced into neuronal networks 
 
A possible solution to the difficulty to produce mosquito primary neuron cultures, 
would be to induce mosquito cell lines into neuronal cultures.  
The insect hormone 20-hydroxyecdysone (20HE) has different effects on insect cell 
cultures, such as cessation of cell proliferation (Tamura & Eto, 1985) or a decrease 
in cell division and elongation of the cells and aggregation (Peel & Milner, 1992). 
The steroid hormone is found in plants and insects, but not mammals (Festucci-
Buselli et al., 2008). In insects, the hormone is controlling the moulting process as 
well as embryogenesis, larval development and metamorphosis (Makka et al., 
2002). A number of studies have shown that 20HE induces neuron-like 
differentiation in different insect cell lines (Cassier et al., 1991; D. Lynn & 
Oberlander, 1983). The hormone differentiation properties have been recently used 
in Spodoptera frugiperda Sf21 cell line by coupling effect of insulin and 20HE 
(Jenson & Bloomquist, 2015; Jenson, Paulson, & Bloomquist, 2012). In 1997, the 
first neuron-like differentiation was done in Aedes albopictus C6/36 cell line 
(Braeckman et al., 1997). Another study reveals that C6/36 cell line is responsive 
to 20HE treatment in 2003 (Smagghe et al., 2003), by obtaining typical long 
extension, as well as F-actin polymerisation and high degree of vacuolarization.  
In response to the problem of mosquito neurons availability, one solution would be 
to differentiate continuous insect’s cell lines into neurons whenever needed. 
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However, there are no clear proof that those morphological changes of the cell lines 
have neuronal functions. Induced neuron-like cells from Sf21 cell line have some 
neuronal pharmacological properties, since caffeine introduction blocked the 
hormonal processes (Jenson & Bloomquist, 2015). In the same study, it has been 
shown that tetrodotoxin and cobalt antagonists, known as ion channel blockers, 
stopped the effects 20HE on cell growth and differentiation. Moreover, the use of 
veratridine, a sodium channel activator (Bicknell & Schofield, 1981), enhances the 
differentiation and survival effects. These responses are leading to think that those 
differentiated cells could be functionally similar to authentic nerve cells.  
 
2. Microelectrode array technology: a tool to record 
temporal modification of neuronal network 
activity 
 
a. Microelectrode array, a quick history and fabrication 
 
After the discovery of Cajal that the nervous system is made of neurons (López-
Muñoz, Boya, & Alamo, 2006), Edgar Adrian was able to record signals from the 
nervous system for the first time (Adrian, 1928). His breakthrough in describing 
neuron’s function was rewarded in 1932 with the Nobel Prize in Physiology. To 
record electrical impulses along the nerve, Adrian used electrodes, which was 
followed by the development of the voltage clamp technique by Kenneth Cole and 
George Marmont in 1949 (Hodgkin, Huxley, & Katz, 1952). This was the start of 
electrophysiology, which can be defined as the analysis of neuronal activity by 
recording neuron events, either spike activity or network oscillations (Contreras, 
2004). Techniques for recording have evolved and specialized into different types 
as this branch of physiology was developing. 
Firstly, the patch-clamp technique is to record and measure ion currents from a 
single channel. This microscale technique is powerful, however, has some 
limitations. The method is indeed quite tedious and requires skills and specialized 
tools. The main disadvantage is that it can only be applied to a single neuron, so 
only a few cells can be used during an experimental set-up (C. Wood, Williams, & 
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Waldron, 2004). Measuring the characteristics of different neurons simultaneously 
is limited by the dependency on the equipment such as micromanipulators. 
Secondly, indirect measurement technique appeared to record the full brain’s or 
area’s activity with functional magnetic resonance imaging, positron emission 
tomography and electroencephalography. With those methods scientists can work 
at the macroscale and determine functional connectivity from different areas of the 
brain or network. However, those techniques are not precise enough and detect 
neuronal signals at low spatial resolution. 
An intermediary solution to those techniques is to design an electrophysiology 
technique working at the mesoscale. This is the case with microelectrode array 
(MEA), which consist of microelectrodes integrated on a chip to record 
extracellular signals from a neuronal network. The main advantages of this 
technique are that it is non-invasive to the culture, and it can record activity from a 
network of cells at millisecond time scale for days, weeks and even months (G. W. 
Gross et al., 1995). Recording from an array of planar electrodes was first 
conducted in 1972 by Thomas & al by using cardiac myocytes to record action 
potentials (Thomas et al., 1972). Few years later, spontaneous electrophysiological 
activity from individual snail neurons was for the first time recorded (G. Gross et 
al., 1977). In 1980, Pine achieved a major progress by recording signals from 
mammalian primary neurons in culture with a 16 gold electrodes array (Pine, 1980). 
Firstly made of gold, micro-electrodes from MEA were platinized with platinum to 
decrease their high impedance reaching then a better signal/noise ratio. Yet, a 
platinum treatment makes the electrodes unstable over a long period of time 
because of the platinum degradation. In response to this issue, MEA are now made 
of titanium by plasma-enhanced chemical vapour deposition, and the insulator 
made of silicon nitride. Titanium micro-electrodes possess a 3 dimensions nano-
columnar structure increasing the overall surface area compared to standard 2 
dimensions gold or platinum-electrodes with the same diameter (Hämmerle et al., 
1994). 
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b. Microelectrode array, design and signal analysis 
 
Microelectrode arrays are in general small glass devices with round chamber, which 
can contain cell culture and has electrodes implanted on the bottom. 
Microelectrodes record extracellular field potentials (FPs) and reflect the spike 
activity of neurons in time and space building a network activity, illustrating the 
whole neurons culture. Transmembrane ion currents can be detected by the 
microelectrode depending of the magnitude, sign and distance from the recording 
site. Spike and burst activity are the main parameters used in electrophysiological 
studies, with different burst detection parameters, such as burst occurrence and 
duration to understand neurons communication. The definition of a burst diverges 
from one study to another, but in general a burst can be defined as a high occurrence 
frequency of spikes during a limited time (ms) synchronously on at least few 
different microelectrodes. Previous studies have shown that an immature primary 
neurons network evokes only sparse and random spikes while a mature culture 
shows synchronized and a periodic network bursts of variable magnitude 
(Wagenaar, Pine, & Potter, 2006).  
The amplitudes of FPs can range between 10 μV to 1 mV and require computational 
skills and power to extract data and sort out the recorded signals. Great 
improvements have been made since the first MEA study (Thomas et al., 1972), by 
improving the quality of the signals generated by extracellular recordings, such as 
increasing the density and the number of microelectrodes implanted on the bottom 
of the chip (Spira & Hai, 2013).   
Usually, spike and burst activity is recorded in a thin layer of a conductive tissue 
slice or a monolayer of cells cultured on the surface of the electrodes on the bottom 
of the MEA.  Respectively to a reference electrode located in the bath solution, the 
electrical activity is recorded either by spontaneous cell activity or by chemical or 
physical stimulation. The electric signal spreads within the cellular compartments 
and from cells to cells via synaptic connections. For our MEA system, during 
recording a session, MEAs are inserted in a 60-channel amplifier with filter and 
hardware built into a single unit to optimize signal-to-noise ratio within a range of 
+/- 5 to 10 μV noise level. The system is connected to a standard computer for high 
speed data acquisition sampling up to 128 channels with a sampling rate of 20 kHz 
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per channel. Other features are optional such as temperature control or electric 
stimulator.  
Till today there are no standard method for spike/burst analysis. One of the methods 
is to use the analysis tools based on threshold spike detection, in our case the data 
sampling software MC_Rack (Reutlingen, Germany). A threshold can be set, via 
the software settings, at every individual microelectrode to detect spikes once they 
reach the desired threshold. Bursts are also defined with MC_Rack settings with 
different parameters, such as number of spikes in burst, minimum duration of burst, 
maximal interval to start burst. This technique generates however a lot of variations 
between studies. The spike threshold, defined as a multiple of the standard 
deviation (SD) of the biological background noise (Chiappalone et al., 2006; Weir 
et al., 2015), can vary from (-) or (+) 4 to 8 *SD. The definition of burst also is not 
stable from one study to another. Although each study justifies their parameter 
choices, the comparison between studies remains difficult and biased.  
Spikes and bursts detection via algorithms stay the more reliable technique, even 
though a unique method has not been adopted. A recent publication (Bakkum et al., 
2014) suggested an innovative and accurate method for burst detection algorithms, 
which is an improved version of the method called inter-spike-interval or ISI-
threshold. This technique detects burst when the ISI between consecutive spikes is 
less than a fixed value. Unlike other algorithm techniques, ISI-threshold detector 
technique takes into account periods of low and high ISIs corresponding to spikes 
occurring within and outside a burst. This provides a peaks analysis in the 
probability distribution of the ISIs to identify appropriate threshold, whereas other 
techniques use a fixed threshold detection. The authors developed their method for 
a robust burst detector, which doesn’t need any ad hoc or post hoc detection criteria. 
It is also capable to detect small network bursts. The ISIN-threshold detector is 
defined with ISIN: the inter-spike-interval between every N
th spike instead of every 
consecutive spike for better representation of network’s firing rate. Their code has 
been written with N=10 but this can be changed according to the experimental set 
up. Their code has been tested with rat primary neurons and the detector performed 
well (Bakkum et al., 2014).  
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3. Insects neural model: complementation to 
mammal electrophysiological studies and model 
for arbovirus neuronal network infection 
 
a. Insects neuronal networks: potential alternate for mammals 
 
Mammal brains present a major challenge to science, as their central nervous 
system (CNS) holds 100 trillion of connections between billions of neurons. The 
processing of information through these intercellular communication channels is 
extremely complicated as well as incredibly robust. Understanding how this 
information is treated in necessary in order to study brain diseases and even 
comprehend behaviours. Insects are good candidates as a model to study the CNS 
as their brains contain less complex neuronal networks (about 250 000 neurons for 
a fruit fly). The study of insects has been very helpful in understanding biological 
mechanisms in mammals. From the understanding of taste (H Ishimoto & 
Tanimura, 2004), pain (Manev & Dimitrijevic, 2005), and learning (Brembs, 2003), 
studies have demonstrated the usefulness of insect model systems to complement 
research in vertebrates. Evidence have been published that insect and mammalian 
nervous system have basic mechanisms in common.  
 
i/ Insects and Mammalian central nervous system, not so different 
 
First thought as brainless, insects are endowed with complex behaviours such as 
orientation, body communication and social behaviours (E. O. Wilson, 1971). 
Socialization or cooperation between pairs is considered as elaborated behaviour. 
Ants and bees are capable of colony organization and are social species. They can 
locate food using complex communication mechanisms with pheromones: once an 
individual finds food, it walks to and from this source and deposits a pheromone on 
the ground that other individuals of the same species can detect and follow to find 
the source. The best evidence that insects are endowed with complex patterns is 
their capability for learning and memorization. Learning and memory are 
respectively defined as the acquisition and retention of neuronal representations of 
new information. Recent studies have shown that insects learn and use their 
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previous learning for basic life activities including feeding, predator avoidance, 
aggression, social interactions, and sexual behaviour (Dukas, 2008). As an 
example, bees have been shown to have the ability to recognize after training, visual 
stimuli such as colours, shapes and patterns, depth, and motion contrast. These 
learning capacities to retain local cues is essential for bees to characterize places of 
interest, essentially for finding food sources. 
Besides evolved behaviours and despite the quite old evolutionary separation 
between insects and vertebrates (about 500 million years old (Ayala, Rzhetsky, & 
Ayala, 1998)), insects have anatomical and biological similarities with mammalian 
nervous system. Although smaller in size, insects possess a complete and complex 
nervous system, which can be compared to mammals at different levels. As 
vertebrates, an insect’s nervous system is composed of a CNS with a chain of 
ganglia and a peripheral nervous system, which includes a stomatogastric ganglion 
and sensory and motor nerves. At the end of the ganglia chain, the head of the insect 
includes a brain which can be divided into different regions like in mammals. The 
insect brain consists of three main regions, known as protocerebrum, 
deutocerebrum, and tritocerebrum and can be subdivided into different sub-regions.  
At the cellular level, insect and mammal brains consist of neurons, a common 
functional and structural unit. Neuron cells are connected to each other to form 
networks, which process information into the brain. This highly specialized cell has 
one or several dendrites (unipolar or multipolar neurons respectively) and an axon 
along which electric impulses are distributed to other neurons. There are some clues 
in the literature that stem cells generating those neurons are not too different 
between vertebrates and invertebrates. For instance, CNS of Drosophila has been 
used as a key model to study asymmetric division of stem cells and revealed 
recently the link between unregulated stem cell division and the production of 
tumour cells (Brand & Livesey, 2011). In the same study, similarities between 
fundamental aspects of neural stem cell biology in Drosophila and the mammalian 
cerebral cortex have been recognized. Neurotransmitters, which are small 
molecules carrying information across synapses from a nerve cell to its 
neighbouring cells, can also be similar in both groups. It has been shown that 
inhibitory (GABAergic) (Sattelle, 1990) and modulatory (dopaminergic) (n. M. 
Cayre et al., 1999) transmitters, which facilitate the regulation and release of 
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adaptive behaviours, are the same for insects and mammals. It means that network 
connectivity and neuronal activity in the substructures of each CNS are mediated 
by common neurotransmitters. Also for both cases, CNS dysfunctions result in 
behavioural defects including motor abnormalities, impaired memory formations, 
attention deficits, affective disorders, and sleep disturbances. 
The multitude of similarities observed suggest a deep homology of insects basal 
ganglia and central complex and the vertebrate basal ganglia, underlying the 
selection and maintenance of behavioural actions (Strausfeld & Hirth, 2013). As 
the mammalian, cerebral cortex is the most highly evolved region of the CNS, the 
use of an insect model would allow resolution of neuronal communication at a high 
level. The study of insects has been very helpful in understanding biological 
mechanisms in mammals regarding anatomy, physiology, pharmacology and 
neurophysiology of vertebrates (including mammals) and invertebrates (including 
insects). So far, there are no studies using insect neurons cultured on MEA, 
revealing a gap in this area of research for the use of diverse types of network 
(Gaburro, Nahavandi, & Bhatti, 2017).  
 
ii/ Insect Neurons on MEAs, a Missing Combination in Electrophysiology 
 
Since their first use in the second half of the 20th century, MEAs have become a 
promising experimental platform for electrophysiological studies of neural 
networks. There is now a great diversity of MEAs used in neurophysiology, with a 
large field of applications (in vivo versus in vitro, or implantable array). Recent 
publications have described and reviewed the use of those MEAs in details (Kang 
& Nam, 2016; Obien et al., 2015; Patil & Thakor, 2016).  
Numerous studies have been reported using MEAs to record primary neurons. 
Nonetheless, most of the preparations have been made with rodent primary 
neurons, closest model to human. The dissection techniques and cell seeding 
methods on the microchips are well established (Novellino et al., 2011) and provide 
good spikes and burst data analysis. These models are now commonly used for drug 
testing and neurotoxicology and open a new field of research for neurodegenerative 
disease studies, such as Alzheimer disease (Chong et al., 2011). Rodent primary 
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neurons on MEA have been tested for toxicity for a wide panel of substances, such 
as ethanol, metals, neuro-excitatory or inhibitory chemicals and insecticides. The 
neuro-effects of those substances are details in the following review: (Johnstone et 
al., 2010).  
Mammal or vertebrate models require strict ethical authorization and are expensive 
and/or limited. Despite those procedures, most of the MEA studies use rodents as 
the source for primary neurons. This imbalance can be explained by the availability 
of mice and rats in laboratories, which are commonly used for experimental models 
rather than another mammal or vertebrate. In spite of their comparative simplicity 
a gap still exists with regards to invertebrate models. Till today, the only 
invertebrate primary neurons cultured on MEA are from molluscs: Helix (Claverol-
Tinture et al., 2005; Massobrio et al., 2013) and one other study reported using 
leech neurons (R. Wilson et al., 1994). No study using MEA as a tool for electrical 
recording of neurons has been done using insect neurons so far, even for Drosophila 
a well-established model in insect neurophysiology (Bellen, Tong, & Tsuda, 2010). 
Experiments done in our laboratory have shown that that after 7 days in vitro, 
dissected and dissociated mosquito neurons are spontaneously firing on MEA chips 
(See chapters 4 and 5). This model is then compatible with neural network activity 
recording, allowing neuronal network studies, such as chemicals impacts on insects 
(pesticides), and virus interactions on the insect nervous system.  
 
b. Perspective and applications of the use of insect neurons on 
microelectrode array 
 
There are many reasons to believe that culturing insect cells on MEA can open 
doors to neurophysiological research. To begin with, medical research has used 
Drosophila melanogaster populations for more than a century, to study diverse 
biological functions such as vision, reproduction, feeding behaviour, etc. With the 
emergence of neurodegenerative diseases, due to the aging population, mutant fly 
models have been designed, allowing reproducible testing to be conducted more 
diversely and in shorter times than in rodent models. Drosophila is also known to 
be a powerful tool thanks to its unique and successful genetic tool (Venken, 
Simpson, & Bellen, 2011). The highly diverse and accessible Drosophila mutant 
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resources have facilitated our understanding of genetics underlying 
neurophysiology processes. The other advantages to use insects as a model are: 
their low cost, high speed rearing processes (days instead of weeks) and easy 
handling conditions. Therefore, MEA experiments could add another prospect for 
the application of this model to improve our global understanding of neuron 
communication and its implications in human and animal nervous diseases.  
Neurodegenerative diseases have increased rapidly in developed countries since the 
end of the 20th century, and yet no cure has been validated for Alzheimer’s and 
Parkinson’s diseases. Experiments using MEA with mouse neuron cultures the 
early steps in generation of Alzheimer’s disease lesions in the hippocampus (Chong 
et al., 2011). The effectiveness of MEA technology has been demonstrated when 
electrophysiological properties of the sub-thalamic nucleus, an area involved in 
Parkinson disease, has been identified (Chu et al., 2012). Flies have been recently 
used as model for neurodegenerative studies (Bilen & Bonini, 2005; Feany & 
Bender, 2000). The use of insect brain cell cultures on MEA could take 
neurodegenerative disease research to another level, improving our understanding 
and the development of a cure for these neurodegenerative diseases.  
As described in the first section of this chapter, another major public health burden 
concerns vector-borne diseases and till now, arbovirus mechanisms and its 
interactions with the vectors at the neuronal level remain unknown. Discoveries on 
molecular mechanisms of vector host interactions with pathogens, such as ZIKV, 
could reveal a powerful tool to limit or stop arbovirus replication in insects. 
Combined with insect cells/neurons, the MEA technology represents a good 
potential to understand these processes.  
Finally, neurotoxicity and pharmacology research could have some advantages to 
use insect neurons on MEA chips. Enabling recordings in real time of neuronal 
network cultures, and through that providing robust measures of network activity, 
MEA with multi wells provide a good apparatus for chemical testing on neurons at 
higher scale (Strickland et al., 2016). Regular or multi-wells MEA systems can 
record physical, chemical and pharmacological perturbations after the introduction 
of different chemicals, which are reflected in the tissue responses under different 
conditions. Electrical activity from neuronal network or tissue provides important 
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data on chemicals impact on nervous system, and those substances effects can be 
then classified (Johnstone et al., 2010; Mack et al., 2014). However, all studies to 
date have been conducted on vertebrate cell cultures highlighting again the gap for 
the use of MEA with insects despite their medical and ecological importance. There 
is a huge potential to use insect neurons on MEA systems for pesticides testing, 
especially with the emerging problem of insecticide resistances. This research 
could benefit on one hand agriculture for new and effective pesticides, and on the 
other hand it could also improve medical prevention with developing repulsive 
avoiding being bitten by vectors of pathogens (mosquitoes, ticks).  
This last section emphasizes the importance of the use of insect neuronal networks 
with MEA techniques. Previous studies have shown that insects and mammals 
share common and elementary molecular mechanisms. Therefore, studying the 
insect nervous system could be an advantage to understand the main underlying 
nervous processes of neural communication. Those results could be extrapolated to 
mammals and even humans with supplementary tests, including vertebrate models.   
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Having highlighted that mosquito behavioural changes after an arboviral infection 
are still not very well known, the next chapter investigated the oviposition 
behaviour of Aedes aegypti after dengue virus infection. Oviposition site choice is 
an important behaviour for the female mosquito, and partly determines the survival 
of its progeny. A mosquito female uses olfactory cues from its environment and its 
own experience to choose the best site to lay eggs. The question raised in this study 
was: does dengue virus infection in the adult mosquito female changes its 
oviposition site choice decision, based on its olfactory rearing experience?   
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Dengue virus infection changes Aedes aegypti 
oviposition olfactory preferences.  
 
It is important for insects to identify and localize sites for food resources, mating 
and egg laying to successfully survive and reproduce. It is generally known that 
insects, including mosquitoes, are capable of information retention, acquired either 
during larval development, hatching or foraging, and that new information could 
influence their behaviour (Groh & Meinertzhagen, 2010). In this study, the term of 
“olfactory learning” was defined as change of olfactory preferences induced by 
exposure to odour.  
In insect vectors, such as mosquitoes, learning from its own experience could 
influence the vector behaviour, such as the potential preferences in vector-host 
interactions (Mwandawiro et al., 2000; Vantaux et al., 2014), which can be of great 
interest to epidemiologists. Mosquitoes are also capable of associative learning, 
which is the process of learning the association between two stimuli (Clément 
Vinauger et al., 2016), in the context of feeding (Chilaka et al., 2012), or responding 
to odour cues (Menda et al., 2013; Sanford & Tomberlin, 2011; Tomberlin et al., 
2006; Clement Vinauger et al., 2017; Clément Vinauger, Lutz, & Riffell, 2014). 
Also, learning in mosquito vectors could significantly influence virus transmission 
through host contact and survival rate (Clément Vinauger et al., 2014). In nature, 
environments are constantly subjected to changes, especially chemical cues 
involved in potential food or oviposition site (Day, 2016). In order to respond to 
such rapid change and improve its searching efficiency, a vector needs to adapt by 
learning to respond to odour cues (Menda et al., 2013). The mosquito experience 
to olfactory cues from larval, pupal or early adult vector environment could 
influence its behaviour.  
After a blood meal (BM) from a host, female mosquitoes look for suitable 
oviposition sites to guarantee success of the offspring (McCall & Cameron, 1995). 
Among different factors, chemical cues play a key role in determining location for 
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mosquito to lay its eggs (Bentley & Day, 1989; Navarro-Silva et al., 2009). The 
chemical signature of an ideal oviposition site is not certain; thus, mosquitoes have 
to respond to rapid environmental changes to reduce risk of choosing an unsuitable 
site for their eggs by relying on familiar odour cues. Field studies have shown that 
mosquitoes have site-fidelity (Charlwood, Graves, & Marshall, 1988; McCall et al., 
2001), suggesting that early stage learning is important in resource location by 
mosquitoes. Processes of how and at which developmental stage mosquitoes 
acquire this information are still unknown and this question is not addressed in this 
chapter. However, data showing olfactory site preferences after artificial odour 
induction during larval and pupal rearing in vectors (Kaur, Lai, & Giger, 2003; 
McCall & Eaton, 2001), suggest an important role of the mosquito olfactory 
learning in its oviposition choices (McCall & Kelly, 2002). 
It has been shown with Culex quinquefasciatus (McCall & Eaton, 2001) and Aedes 
aegypti (Kaur et al., 2003) species, that such olfactory learning of mosquitoes 
during their larvae and pupae development in different semiochemical environment 
can affect their oviposition choice and deterrence to those chemicals. Skatole, (3-
methylindole) a naturally occurring compound in faeces, was prepared from 
fermented Bermuda grass and has strongly induced oviposition at concentrations 
ranging from 10-5 to 10-3 ppm in water for Culex quinquefasciatus species 
(Blackwell et al., 1993; J. Millar et al., 1994; J. G. Millar, Chaney, & Mulla, 1992; 
Mordue et al., 1992). Skatole has also been successfully used in the field with 
oviposition bait trap sites in Tanzania for this mosquito species (Mboera et al., 
2000a; Mboera et al., 2000b), however, higher concentration of the compound has 
shown a repulsive effect (J. Millar et al., 1994). Culex quinquefasciatus mosquitoes, 
initially repulsed by high concentrations of skatole, were shown to reverse their 
preference for oviposition sites when reared in skatole at the same concentration 
(McCall & Eaton, 2001). The same behaviour was observed with Aedes aegypti 
conditioned with another repellent, MozawayTM (Kaur et al., 2003). In Aedes 
mosquitoes, skatole has been found to be an attractant at 100 ppm or higher 
concentrations (Baak‐Baak et al., 2013), however, data are not available for lower 
concentrations. The semiochemical 4-methylphenol or p-cresol was found to be 
preferentially chosen by Culex quinquefasciatus females at specific concentrations 
(McCall & Eaton, 2001; J. G. Millar et al., 1992), but Aedes aegypti species shows 
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contradictory data concerning oviposition attraction (Allan & Kline, 1995; Gaburro 
et al., 2016). Semiochemical preferences vary with the mosquito species and 
concentration, (reviewed by Afify et al. (Afify & Galizia, 2014)), but also with 
experimental assay conditions, including rearing methods, or the presence of 
background odours (Afify & Galizia, 2015).   
Aedes aegypti is the main vector for dengue virus and is a major global public health 
problem (Gubler, 2002b). Some studies have reported behavioural changes due to 
arbovirus infection in mosquito vectors, such as during blood-feeding (Grimstad et 
al., 1980; Jackson et al., 2014; Platt et al., 1997; Sylvestre et al., 2013), host-seeking 
(Vogels et al., 2017) and locomotion (Tamara N Lima-Camara et al., 2011 ). 
However, no study has reported a change in oviposition behaviour of the vector due 
to viral infection. Modification of vector preferences could act as potential drivers 
for virus range expansion, and hence its transmission, by increasing its vector 
distribution.   
Studies on olfactory preferences in mosquito vectors are important for vector 
control strategies. The question addressed in this chapter was the oviposition 
preferences of adult mosquitoes by semiochemicals rearing of larvae and possible 
alterations in olfactory preference after infection with dengue virus, here serotype 
2 (DENV2). By using two independent behavioural assays, determining mosquito 
fitness, and dengue virus infection dynamics in their heads associated with selected 
gene expression, we increase our understanding of vector manipulation by 
arboviruses. 
 
1) Material and Methods 
Mosquito colonies and induction of olfactory preferences in larvae 
 
All experiments were conducted in a Physical containment level 3 (PC3) insectary 
with Aedes aegypti colony, collected in December 2014 in Brisbane, Queensland. 
Mosquitoes were maintained at 28 °C with 70% humidity and at a photoperiod of 
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10:10 LD cycle with 2 hours transition of dim light in between. Eggs on paper sand 
strips were collected from the colony cages, dried and stored at room temperature.  
About 400 eggs were allowed to hatch in either the control condition (water + 
solvent) or induced olfactory preference (water + skatole), in the same 
environmental conditions. After hatching, larvae were reared for about two weeks 
with equal repartition of fish food. After the apparition of the first pupae in the 
larval container, pupae and larvae were placed in an emergence cage with their 
respective rearing media. After emergence, adults were regularly collected and 
transferred in separate plexiglass cages (30 × 30 × 30 cm). Males and females were 
kept together in the cage for 4-5 days for mating. Mosquitoes had access to sugar 
(10% solution) ad libitum. One day before the BM, females were counted and 
equally distributed in four plexiglass cages corresponding to four experimental 
conditions: “Water reared uninfected”, “Skatole reared uninfected”, “Water reared 
DENV2 infected” and “Skatole reared DENV2 infected”. Each experiment, 
containing four cages (one per condition) was performed four times. 
Dengue virus infection via blood meal 
 
Dengue virus serotype 2 ET300 (DENV2) used for our experiments was isolated in 
Australia from a soldier returning from East Timor and was obtained from 
Queensland Health. The virus was passaged seven times in Aedes albopictus C6-
36 cell line. To prepare the blood solution, 1 ml of fresh chicken blood was 
centrifuged and plasma replaced by either L15 media for uninfected blood 
(control), or with 500 µl of DENV2 virus solution at a titre of 107 TCID50/ml.  
Female mosquitoes were fed on chicken blood using an artificial membrane feeding 
system (Hemotek system) utilising chicken skin. After the first infectious BM, only 
blood-fed females were selected for further studies. To improve the infection rate 
of females, the temperature was raised from 28 to 30 °C for two days following the 
first BM, as previously shown (Watts et al., 1986). Females were allowed 6 days to 
lay their eggs on sand paper strips in clean glass beakers filled with the different 
semiochemical conditions. A second non-infectious BM was given at 7 days post 
infection (dpi).  
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Semiochemical preparation 
 
Semiochemicals, p-cresol and skatole (Sigma-Aldrich), were each dissolved in 
70% ethanol to create a stock solution (1 mg/mlethanol) and then diluted at 100 µg/l 
in 400 ml water for larvae and pupae conditioning. The high concentration allows 
for constant exposure of the aquatic stages of the mosquitoes during the rearing 
time and it has been reported that concentrations of skatole ranged from 0.01 to 100 
µg/liter in natural oviposition sites (J. G. Millar et al., 1992).  
Behavioural assays 
 
Baseline experiments  
To check oviposition preferences before infection, preliminary bioassays were 
conducted in triplicates with the Aedes aegypti colony with three olfactory 
oviposition choices. In short, after a routine blood meal, the colony cage was 
offered three different choices where the females can lay their eggs for 5 days post 
blood-feeding. Eggs were collected and counted for each condition (Gaburro et al., 
2016). 
Olfactory oviposition choices  
For each experimental assay, each of the fours cages contained between 20-60 
blood-fed Aedes aegypti females. After the blood meal (BM), at 2 dpi to 6 dpi post 
first BM and from 9 to 13 dpi after second BM, females were given a choice for 
three olfactory oviposition containers to lay their eggs: water, p-cresol and skatole 
at the same concentration as larval rearing. The containers were placed at 
equidistance length from each other in the cages (2 in the corner and 1 against the 
middle of cage face), and rotated daily clockwise to avoid site preference. Eggs laid 
on the sand paper strip within containers were collected at 6 dpi and 13 dpi and 
allowed to dry out at room temperature. Images from the sand paper strips were 
taken using a Leica microscope (DFC425) with 8.0× magnification for egg 
counting with Icount software ((Gaburro et al., 2016) and Appendix I). Mosquitoes 
from DENV2 infected groups were sacrificed after the experiment to check the 
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proportion of infected mosquitoes. For each of the four replicates, the percentage 
of female blood-fed during the first BM and survival rates were recorded. 
Y-tube assays  
To test the dual-olfactory preference between water and skatole after olfactory 
preference induction in larvae and/or DENV2 infection, a Y-tube olfactometer (see 
setup Figure 3-1) at different days post BMs was used. Data analysis did not reveal 
any bias towards the left or right side of the olfactometer (Mann Whitney test, P = 
0.94). Females were infected the same way as the oviposition choice experiment, 
however no container was provided to allow laying of eggs before the 
commencement of the experiments. A group of 5 to 12 females (to mimic possible 
non-detectable interactions between individuals, like in the olfactory oviposition 
choices setup) were placed in the release chamber, at the top of the long leg of the 
‘Y’, and allowed to fly for 10-15 minutes. During data sampling females were 
marked as “inactive” if they didn’t leave the release chamber, “active” if still in the 
main arm or “arm a” or ”arm b” if they had chosen any of those arms. Females were 
placed back in their corresponding group cage and another set of females was 
randomly chosen for the next assay. In total, 3 repetitions per day post infection 
were performed for each group at 4 and 5 dpi for the first BM and 11 and 12 dpi 
for the second BM. A preference index (PI) was used, as graphical representation, 
to visualize the dual-choice as described by Vinauger et al. (2014) (Clément 
Vinauger et al., 2014): 
𝑃𝐼 =
Number of females in the test arm (skatole) − 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑒𝑚𝑎𝑙𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑟𝑚 (𝑤𝑎𝑡𝑒𝑟)
Number of females in the test arm (skatole) + 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑒𝑚𝑎𝑙𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑟𝑚 (𝑤𝑎𝑡𝑒𝑟)
. 
Each bar represents the average PI and its sem from seven experimental replications 
per rearing and infection condition. A PI of +1 indicated that all females chose the 
armskatole, a PI of 0 indicated that half of females chose the armskatole and half the 
armwater, and a PI of −1 indicated that all females chose the armwater of the 
olfactometer. 
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Figure 3-1: Y-tube experimental setup: solvent (water) or skatole is place in one 
of the chemical glass tube, leading to one arm of Y-tube. The air delivery system 
allowed a controlled regular flow in each arm. Mosquitoes were released from 
the chamber and their location in the Y-tube was recorded after the assay. 
 
Virus prevalence in infected groups – TCID50 
 
At the end of the behavioural assay all surviving females from infected groups were 
collected in individual tubes, stored at -80 °C and tested in end point titrations 
(TCID50) using Vero (ATCC CCL81 African green Monkey Kidney) monolayer 
cell cultures assays, to determine the overall percentage of infected females in each 
group condition. Abdomens from 10 freshly blood-fed females were used to 
measure the starting virus load taken during infectious BM. At the end of the 
experiment, dried bodies/abdomens were cleaned with 70% ethanol for 5 minutes. 
The rinse solution was removed and 150 µl of L15 media with 3-5 silica beads were 
added to each tube. Bodies/abdomens were homogenized for 5 minutes with a 
BeadBeater. The samples were centrifuged for 3 minutes at 11000 RPM. The 
supernatants were diluted 10-fold and tested in triplicate in a TCID50 procedure 
using Vero cells and incubated at 37°C with 5 % CO2. Cytopathic effect at 3 and 5 
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dpi was measured to determine TCID50 using Spearmann-Karber calculation 
method (Japour et al., 1993). 
Quantitative RT-q-PCR for virus detection and gene expression 
in heads 
 
After an infectious BM, 5 to 7 female heads were sampled at 0 dpi (few minutes 
after the BM), 2, 3, 4, 7 and 10 dpi and stored in RLT-buffer with 5-10 silica beads 
at -80 °C before testing. Total RNA was extracted from the samples using RNeasy 
Plus Mini Kit (Qiagen Sciences, Maryland, MA) and cDNA was prepared using 
random hexamers and Superscript-III reverse transcriptase (Thermo Fisher 
Scientific Inc. Australia) as per manufacturer’s protocol. Real-time PCR assay was 
performed using the SYBR® Premix Ex Taq™ II (Takara-Bio Inc, China) on a 
QuantStudio™ 6 Flex Real Time PCR System (Applied Biosystems). The list of 
primers used for DENV2 RNA quantification and gene expression are listed in 
Table 3-1. Cycling was as follows: 95°C for 30 seconds, followed by 45 cycles of 
95°C for 5 seconds, 55°C for 40 seconds, followed by melt-curve analysis. The 
cycle threshold (Ct) values, in duplicate for each sample, were collected at each 
time point for each condition. For RNA expression, the 2ΔΔCt values were calculated 
at each time point for each gene as the fold-increase over uninfected control and 
over Rsp17 gene expression as housekeeping gene at the same time point. Ct values 
were measured at 0, 2, 3, 4, 7 and 10 dpi for 3 to 6 mosquitoes at each time and 
compared to control values of uninfected mosquitoes at same time. 
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Table 3-1: List of 5-3’ sequences of oligonucleotides primers for quantification of 
viral RNA and gene expression in Aedes aegypti heads. 
Gene Forward primer / Reverse primer 
Dengue virus serotype 2 Non Structural 
Protein 1 
ACGTGCACACATGGACAGA / 
ACTGAGCGGATTCCACAAA 
Rsp17 AACGAAGCCCCTGCGCACAA / 
CCTGCTCCAGGGCGGACACT 
cAMP-dependent protein kinase catalytic 
subunit, transcript variant X3 (PKA; 
LOC5569015) 
GGGGAACAACGCTACATCCA /  
GGCAGCAGTGTTGGTAGGAT 
calcium/calmodulin-dependent protein 
kinase type II alpha chain, transcript variant 
X1 (CAMK II; LOC5578710) 
CACTGCCATCAGAATGGGGT /  
GGACTTCGATCGCTAGACCG 
cAMP-responsive element-binding protein-
like 2, transcript variant X1 (CREB2; 
LOC5569180) 
ATTGACAGTGGTTGAGGAGCA /  
TTCTCAGTAGACGCCTTGCG 
Synapsin (LOC5565053) GACGTCTCGGAAAGGAAGCA / 
CCGTAACAGTGACCAGCCTT 
Statistical analysis 
 
Graphs were plotted and statistical analysis performed using GraphPad Prism 5 
software. All tests were performed with a two-tailed analysis and graphs show the 
average with standard error of the mean (sem) or standard deviation (sd) as error 
bars. For the olfactory oviposition choices, the experiment containing four 
individual cages per condition, was replicated four times. For each experiment, the 
percentage of eggs laid in a chemical specific Becher was calculated, hence the 
mean percentage for each chemical condition and its standard error of the mean 
(sem) was calculated from the four repetitions. The Mann-Whitney U test was used 
to compare differences between two independent conditions or groups (data were 
not normally distributed). For Y-tube assays, a generalised linear mixed model 
(GLMM) with a binomial distribution and logit link function was additionally used 
to test for the effect of the different parameters (rearing condition, infection status 
and dpi) (Crawley, 2007). Data were then collected as following: if a female chose 
the water arm, her choice was sampled as “1” or as “0” for the skatole arm. Each 
line corresponds to a female choice (total of 257 recorded choices), including its 
experimental conditions. The interaction between each parameter was included in 
the model as fixed effects: glm(choice ~ reared conditions * infected status * dpi, 
family=binomial(link='logit')). For this analysis, the software R version 3.4.1 
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(Ripley, 2001) was used and the function “Analysis of Deviance for Generalized 
Linear Model Fits” (Hastie & Pregibon, 1992) to validate our model.  
 
2) Results 
Baseline oviposition choice 
 
Initially, the oviposition preference of Aedes aegypti females for skatole and p-
cresol was tested. Fixed concentration of 100 µg/l for all chemicals were used in 
this study. As indicated on the experimental setup (Figure 3-2A), female 
mosquitoes had 3 choices where to lay their eggs: either water, skatole or p-cresol. 
Our results showed that female mosquitoes had a significant repulsion towards 
skatole with less than 15% of eggs laid in this container (Figure 3-2B). Females 
were indifferent to p-cresol with a nearly identical percentage of eggs laid in both 
water and p-cresol containers (respectively 43 and 44 %).  
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Figure 3-2: Illustration of the experimental setup with the preliminary assay with 
the laboratory colony on chemical preferences. (A) Each of the three beakers 
contains either water, skatole or p-cresol chemicals (100 µg/l) with sandpaper 
strip, for females to lay their eggs after a blood meal. The containers are 
equidistant and their position is daily moved clock-wise to avoid any location 
preference in the cage. (B) Results of the preliminary experiment with our Aedes 
aegypti colony, showing the percentage of egg laid in each container after a 
blood-meal. 
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Oviposition choices post-skatole conditioning and DENV2 
infection after first blood-meal 
 
After BM, females reared in water showed similar results as the baseline 
experiment with a significant repulsion towards skatole container compared to 
water (Figure 3-3). On the other hand, females reared in skatole showed a 
significant attraction (Mann Whitney test, P = 0.0286) to skatole container to lay 
their eggs compared to either p-cresol or water containers. These results show that 
females are influenced in their olfactory choice of the oviposition container by the 
conditions of their aquatic rearing medium. Blood-meal with dengue virus did not 
modify the oviposition choice of females reared in water; preferring to lay eggs 
either in water or p-cresol rather than skatole. However, in the case of skatole-
reared females, the infection with DENV2 changed the oviposition choice. Instead 
of being attracted to skatole during oviposition, as with uninfected skatole reared 
group, infected females did not show any preference towards a specific container. 
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Figure 3-3: Bar plots showing water and skatole-reared female preferences in 
percentage of eggs in each container after a first infectious blood-meal (BM) and 
after a second BM, non-infectious. Data shows the mean percentage (± sem) of 
the four experimental replicates and P-values for significant differences between 
the egg percentages with *P < 0.05; **P < 0.01; ***P < 0.001.  .   
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Oviposition choices post-skatole conditioning and DENV2 
infection after second blood-meal 
 
Female mosquitoes were given a second BM and another choice of three containers 
to lay their eggs. Uninfected and water-reared females showed a different pattern 
of olfactory choices compared to the first blood-meal with no significant preference 
between the three different containers, having lost the repulsion towards skatole. 
The attraction to skatole of the uninfected skatole-reared females was also weaker 
with an increase of eggs laid in p-cresol. Finally, water and skatole-reared females 
infected with DENV2, did not show any significant attraction or repulsion towards 
any container, with no significantly different average number of eggs.   
Y-tube assays 
 
After being released in the Y-tube olfactometer (Figure 3-1), mosquitoes displayed 
olfactory choices according to their respective rearing condition and infection status 
(Figure 3-4). Similar to the oviposition choice experiment after the first blood-meal, 
uninfected females preferred the arm with the same odour stimulus where they were 
reared: females reared in water had a significant negative Preference Index (PI) 
compared to females reared in skatole (Mann Whitney test, P = 0.001), indicating 
preference for water over skatole. Independent of their rearing condition, dengue 
virus infected females preferred the water with a negative PI. As observed earlier, 
after the second blood-meal, skatole conditioning disappeared in skatole-reared 
females with no preference between the skatole and water arms. No preference was 
visible in skatole-reared and DENV2 infected females, confirming previous results 
with egg counting. After a Binomial regression model (see Statistical analysis), the 
most significant explanatory variables are, in decreasing order, the interaction 
infection status * reared condition (P < 0.0001), the interaction infection status * 
reared condition * days post infection (dpi) and reared condition alone (P <0.001) 
(Table of coefficients). These results confirm that the changes in choice caused by 
DENV2 infection are correlated with larval rearing condition of the females.  
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Table 3-2: Table of coefficients, binomial regression model. 
 
 Estimate Std. Error z value Pr(>|z|) 
(Intercept) 2.54543     0.78278 3.252   0.001147 ** 
Reared condition -1.90367     1.00829 -1.888   0.059025 “.”   
Infection status -3.51679     0.96755 -3.635   0.000278 *** 
Days post infection -0.25545     0.09616 -2.657   0.007893 ** 
Reared condition : Infection 
status 
6.69397     1.67464 3.997  0.0000641 **
* 
Reared condition : Days post 
infection 
0.30066     0.12681 2.371   0.017746 *   
Infection status : Days post  
infection 
0.36810     0.11872 3.101   0.001931 ** 
Reared condition : Infection 
status : Days post infection 
-0.67962  -3.671   0.000241 *** 
 
Null deviance: 328.16  on 255  degrees of freedom 
Residual deviance: 292.15  on 248  degrees of freedom 
AIC: 308.15 
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Figure 3-4: Dual olfactory choice between water and skatole during oviposition 
period of infected Aedes aegypti females. Results of dual tests with different 
female groups. The Preference Index (PI) indicates females that have chosen the 
arm with skatole (positive PI) or water (negative PI). Bar plots indicate means of 
PI (± sem). 
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Infection dynamics and effect on female fitness 
 
During the oviposition choice assays, the percentage of females blood-feeding 
during the first BM was recorded. There were no significant differences between 
the numbers of blood-fed females between the different conditions: rearing 
condition or DENV2 infection status (Table 3-3). During the oviposition choice 
experiments, the survival percentage of females (number of females alive after the 
second oviposition compared to the initial female number post 1st blood-meal) was 
not significantly different between the groups. The virus prevalence was confirmed 
in the DENV2 infected females used for oviposition choice assays. At 13 dpi, more 
than 80 percent of females were infected with DENV2 with no significant 
difference between water and skatole-reared females. Titration from the freshly 
blood-fed female abdomens, showed that each female took an average 1.22×106 
TCID50/ml of DENV2 (± 3.66×10
5). 
Finally, the average number of eggs laid per female was estimated after counting 
the total number of eggs laid and dividing by the number of blood-fed females after 
each blood-meal. Although no significant difference was found between rearing 
condition groups, DENV2 infected females lay fewer eggs than uninfected 
mosquitoes after the first infectious blood meal (Table 3-3, P = 0.006). 
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Table 3-3: Parameter of Aedes aegypti female fitness water and skatole-reared 
after DENV2 infection and virus prevalence in infected groups. 
Parameters Group Mean  
(± sem) 
Test (Nreplicates) 
P 
Female blood 
fed during 1st 
BM (%) 
Water uninfected 28.25 (±3.33) Friedman test 
 F = 0.3 (N = 4)  
ns 
Skatole uninfected 28.75 (±4.8) 
Water DENV2-
infected 
27.375 (±7.52) 
Skatole DENV2-
infected 
30.775 (±5.8) 
Female 
survival  
(%) 
Water uninfected 87.26 (±4.56) Friedman test 
F = 2.45 (N = 4) 
ns 
Skatole uninfected 89.73 (±5.14) 
Water DENV2-
infected 
84.17 (±8.56) 
Skatole DENV2-
infected 
79.39 (±5.99) 
Number of eggs 
laid post 1st 
BM 
 (average per 
female) 
Water uninfected 82.38 (±10.72) Friedman test 
F = 9.9 (N = 4) 
P = 0.006 
 
Skatole uninfected 88.52 (±5.08) 
Water DENV2-
infected 
68.73 (±6.53) 
Skatole DENV2-
infected 
60.47 (±8.24) 
Number of eggs 
laid post 2nd 
BM (average 
per female) 
Water uninfected 62.92 (±13.25) Friedman test  
F = 1.8 (N = 4) 
ns 
Skatole uninfected 67.93 (±19.22) 
Water DENV2-
infected 
52.41 (±10.21) 
Skatole DENV2-
infected 
57.85 (±6.65) 
Number of eggs 
laid for both 
BM (average 
per female) 
Water uninfected 74.04 (±8.56) Friedman test 
F = 10.03 (N = 4) 
P = 0.018 
Skatole uninfected 79.70 (±8.8) 
Water DENV2-
infected 
61.74 (±6.16) 
Skatole DENV2-
infected 
59.35 (±5.1) 
Virus 
prevalence  
(%) 
Water DENV2-
infected 
93.31 (±4.44) Mann Whitney test 
U = 3.0 (N = 4) 
ns Skatole DENV2-
infected 
81.70 (±0.86) 
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Virus replication and gene expression in mosquito heads  
 
To determine when DENV2 reaches female mosquito’s brain, RT-q-PCR tests were 
performed at different days post infection (dpi). Immediately after the blood 
feeding, the mosquitoes had detectable viral RNA from blood uptake in their heads, 
including the proboscis, with an average Ct of 33. Viral RNA in the mosquito head 
was then undetectable by day 3, before rising to detectable levels at 4 dpi. By 7 dpi, 
DENV2 RNA was detected in all tested heads, with an average Ct of 25. The 
amount of detectable RNA increased to an average Ct of 21 by 10 dpi representing 
a significant increase of virus in the mosquito heads (Figure 3-5). 
 
Figure 3-5: Dengue virus serotype-2 in the heads of Aedes aegypti at different 
days post infection. Ct values for virus RNA detected via RT-q-PCR in the heads 
of infected females at different days post infection (dpi). Note that the Y-axis is 
inverted and that negative values (> 45) are not shown. The prevalence of 
positive Ct values for DENV2 RNA is in brackets after the day post infection, on 
the X-axis. 
 
To determine the effects of virus replication in the mosquito heads, the 
contemporary changes in gene expression in mosquito brain during DENV2 
infection were investigated. Two genes of the cAMP-responsive element-binding 
protein (CREB) pathway were targeted (Table 3-1), as they are broadly involved in 
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synaptic plasticity and learning process in Drosophila, as well as Aplysia and rodent 
models (Kandel, 2012). The cAMP-dependent protein kinase A (PKA) is activated 
by intracellular calcium increase following the activation of synaptic 
neurotransmitter receptor. Acting as the second messenger, cAMP phosphorylates 
the CREB, and is therefore an active transcription factor for CREB-dependent gene 
expression (Benito & Barco, 2010). Gene expression of the calcium/calmodulin-
dependent protein kinase type II (CAMK II), involved in the long-term 
potentiation, was explored. This kinase is activated by calcium and calmodulin and 
is capable of auto-phosphorylation and controls neuronal growth in Drosophila 
(Malik, Gillespie, & Hodge, 2013). One mode of action of CAMK II is linked to 
phosphorylation of synapsin, a key-component of glutamate pre-synaptic vesicles, 
leading to their immediate availability as neurotransmitter pool (Hackett & Ueda, 
2015). Expression profile for all four genes involved in learning or synaptic 
plasticity showed overexpression after infection compared with uninfected 
mosquitoes, becoming significant at 7 dpi (Figure 3-6). However, a significant 
decrease was seen at 10 dpi for CAMK II (Figure 3-6B) and Synapsin (Figure 
3-6D), compared with uninfected mosquitoes. 
87 
 
 
 
Figure 3-6: Gene expression in infected Aedes aegypti heads at different days 
post infection. Means with 95% confidence interval of RNA expression fold 
change detected via RT-q-PCR (2ΔΔCt values, compared to Rsp17 housekeeping 
gene and to uninfected, for the corresponding day). Gene expression was done 
with the following genes: (A) cAMP-dependent protein kinase catalytic subunit 
(PKA), (B) calcium/calmodulin-dependent protein kinase type II alpha chain 
(CAMK), (C) cAMP-responsive element-binding protein-like 2 (CREB), and (D) 
Synapsin. P-values for significant differences between days with *P < 0.05; **P 
< 0.01; ***P < 0.001.     
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3) Discussion 
 
Our behavioural assays demonstrated that female mosquitoes have an ability to 
retain chemical information from the larval and pupal environment from which they 
emerge as adults. When, either during the larval or pupal stage or soon after adult 
emergence, and by which cellular processes this olfactory preference is acquired, 
remain to be determined. This induced olfactory preference persists until the first 
oviposition, but fades after the second BM (Figure 3-3 and Figure 3-4), in the 
absence of later reinforcement (McCall & Kelly, 2002). Despite being repulsive 
during baseline conditions, skatole at 100 µg/l could be attractive for gravid Aedes 
aegypti females if reared in water containing this chemical. These results verified 
that early experience of mosquitoes at aquatic stage could have an important role 
in the adult mosquito life (Lutz et al., 2017; Sanford & Tomberlin, 2011). As 
previously reported (Charlwood et al., 1988; McCall et al., 2001) for Anopheles 
malaria vectors, the dissociation between oviposition site sometimes scarce and 
remote food source implies needs for long or mid-range orientation and would 
necessitate “some form of learnt behaviour” (Charlwood et al., 1988). 
In this study, the impact of DENV2 infection on its vector behaviour was tested on 
females reared in water or skatole. No significant change was observed after 
infection in water-reared females. Interestingly, after infection, skatole-reared 
females did not show any preference after the first and second BM for the choice 
of the three containers containing different chemicals (Figure 3-3) and preferred 
the water arm in the Y-tubes assays. However, after the second BM in the 
oviposition choices experiment, no difference was observed between containers, 
indicating that the skatole was not deterrent any more. Beside the observed 
behavioural changes, infected females also showed a significantly decrease number 
of eggs laid. This potential fitness cost has previously been reported in Aedes 
aegypti infected by DENV2 (Sylvestre et al., 2013).  
In parallel to the behavioural data, RT-q-PCR results showed that DENV2 RNA 
was present in the head of orally infected females immediately after an infected 
blood meal, probably through contamination of the buccal pieces. The prevalence 
of positive mosquitoes increased from 0 at 3 dpi (Figure 3-5) to two thirds of 
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positive females at 4 dpi, and finally 100 % at 7 and 10 dpi. There was also increase 
in viral RNA titer in mosquito heads from 4 dpi to 10 dpi, probably due to virus 
replication. Previously, dengue virus antigen detection in orally infected Aedes 
aegypti mosquitoes showed that the nervous tissues are among the first to be 
infected, as early as 5 dpi (Salazar et al., 2007). Interestingly, these authors also 
stated that heads and salivary glands were the only tissues where viral antigens 
continued to accumulate until 21 dpi, while other infected tissues showed a 
decrease in the infection rate. Oviposition behaviour occurred between 3 to 5 days 
post BM (Reiter, 2007), as well as the related odour choice modification by 
infection, when the notable increase of virus load and prevalence occurred in 
female heads. Therefore, it can be hypothesised that DENV2 may interfere with the 
olfactory signal processing, either the sensory organs (antennas, palps) or 
potentially involving neurons from the central nervous system, as postulated for 
Culex pipiens infected with West Nile virus, which displayed behavioural changes 
post infection (Vogels et al., 2017).  
At the molecular level, many genes have been implicated in the impairment of 
olfactory learning using the Drosophila model (for a full list of genes, see review 
(R. L. Davis, 2005)). Some of the genes encoded components in the cAMP 
signalling pathway, such as the cAMP dependent protein kinase (PKA) and the 
transcription factor cAMP-response element binding protein (CREB). We 
investigated the effect of virus replication in mosquito brain and our results showed 
overexpression of PKA and CREB genes in tested mosquito heads, peaking at 7 
dpi. Evidence from Aplysia, Drosophila, and rodents showed that CREB-dependent 
transcription was required for cellular mechanisms underlying long-lasting learning 
(Silva et al., 1998). In addition, these molecular learning mechanisms revealed to 
have degree of conservation across widely evolved species (Kandel, 2012). In 
insects, the PKA/CREB pathway also participates in the transcriptional 
enhancement by the steroid hormone, ecdysone and its 20-Hydroxyecdysone 
metabolite (Jing et al., 2016), which is overexpressed temporarily, peaking 24 hours 
after blood-meal in mosquitoes. These hormones are involved in long term 
courtship neuro-processes in Drosophila (Hiroshi Ishimoto, Sakai, & Kitamoto, 
2009). In WNV-infected mosquito cell culture, transcriptome analysis showed 
over-expression of CREB (Paradkar et al., 2015). CREB can be phosphorylated by 
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PKA, CAMK and microtubule associated protein kinase (MAPK) (Montminy, 
1997). However, given the wide range of processes involving cAMP and CREB 
pathways, notably during the development, we cannot rule out the probability of  
gene expression modification due to other cell types (haemocytes) or organs 
(neuro-endocrinal glands) also present in the head, not belonging to the nervous 
system. In addition, muscle tissues could reasonably be considered not affected by 
the infection and it is noteworthy, that the nervous system is a major component of 
the mosquito head, in terms of cell quantity. The RNA expression data showed 
elevated mRNA levels for PKA and CAMK after DENV2 infection. CAMK II and 
its auto-phosphorylation capacity has been found to be pivotal in Drosophila 
learning processes (Malik et al., 2013). This kinase has also been shown to 
phosphorylate synapsin I (Hanson & Schulman, 1992), which is pivotal in olfactory 
learning in Drosophila (Widmann et al., 2016). Dengue virus infection in mosquito 
heads led to an overexpression of genes involved in memory for insects but also, 
for some of them, in immune defence in mammals (Wen, Sakamoto, & Miller, 
2010). This overexpression coincided with the presence of DENV2 RNA in the 
heads of infected mosquitoes. Behavioural changes observed at 4-5 dpi, occurred 
slightly before significant vector gene expression change. We cannot rule out the 
possibility that the viral infection impacts on tissues other than the central nervous 
system, like buccal pieces, neuro-endocrinal glands, antenna and eyes. These could 
be hypothetically involved in the observed gene expression variations and 
behavioural changes, and further research is needed to identify appropriate tissue 
involved. The dynamics of behaviour, viral prevalence and molecular changes in 
the mosquito were associated in time in the mosquito head, leading to the 
hypothesis of virus-induced molecular changes in the pathways potentially 
involved in mosquito olfactory learning.   
Although no previous experiments have reported modifications in oviposition 
choices in DENV2 infected mosquito females, other behavioural changes have 
been observed. Aedes mosquitoes after artificial intrathoracic infection showed an 
increased total level of activity 2 to 6 dpi, with similar daily activity patterns 
between DENV2 infected and uninfected mosquitoes (Tamara N Lima-Camara et 
al., 2011). Behavioural changes post infection underlies a potential way for the 
virus to manipulate the vector. Thus, viral transmission could possibly increase by 
91 
 
widening space exploration of infected females during oviposition behaviour. 
Although detrimental effect of infection on the vector’s fitness with lower egg 
production and potential altered choice for larval rearing medium cannot be 
excluded, these modifications in the infected mosquito could be advantageous for 
the virus by broadening the spatial range of vectors and colonizing new ecological 
niches. 
Conclusions 
In this chapter, the “olfactory learning” behaviour of the mosquito Aedes aegypti, 
defined as a change of olfactory preferences induced by skatole exposure, was 
assessed. The results showed a change in oviposition preference of Aedes aegypti 
probably due to an olfactory learning modification caused by DENV2 infection. 
Based on association of gene expression data with the behavioural changes and 
previously published data on these genes, the hypothesis that DENV2 infection 
leads to mosquito learning behavioural changes via changes in these gene 
expression was suggested. However, the possibility that these genes are involved 
in a different type of learning, such as habituation, or associative learning, cannot 
be ruled out. These changes could have an impact on viral transmission, as they 
could be either advantageous for virus dispersion via infected vectors, or 
detrimental for the vector’s fitness. This showed that, far from being neutral and 
innocuous to the vector, the virus infection triggered complex changes in the 
mosquito behaviour and its potential fitness. It is also important to note that only 
genes involved in learning processes were assessed, and that genes involved in 
chemosensory, neuronal circuit development or other neuronal circuit pathways 
could be involved. The findings presented here are important for dengue control 
strategies in order to find optimal strategies for adult/larvae trapping and 
insecticides treatment (Achee et al., 2015). 
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The Chapter 3 revealed an unknown and interesting behaviour modification due to 
dengue virus infection. In the next chapter, the question of possible behavioural 
changes of Aedes aegypti adults after an arboviral infection, was assessed more 
broadly. Indeed, a group mosquito females were orally infected with either Zika or 
dengue virus and their locomotion activity was monitored for two weeks. On the 
other hand, other methods were also employed (such as, electrical activity 
recording form neurons, confocal microscopy, immunochemistry, molecular and 
virology techniques) to understand how an arbovirus infection could interfere in 
the insect host central nervous system, hence modifying its behaviour.  
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Neurotropism and behavioural changes 
associated with Zika infection in the vector 
Aedes aegypti. 
 
Arbovirus infections transmitted by mosquitoes have great impact on global human 
health (LaBeaud, Bashir, & King, 2011). Among highly diverse arboviruses 
capable of causing diseases in humans, viruses of the Flaviviridae family have the 
highest prevalence and hence are of substantial clinical importance to humans 
(Kuno et al., 1998). The most widely spread mosquito-borne viruses, dengue, West 
Nile, Japanese encephalitis, and more recently Zika (Gatherer & Kohl, 2016) cause 
significant morbidity and mortality. 
After its discovery in 1947, Zika virus (ZIKV) drew very little attention, being both 
rare and having mild clinical outcomes (Schuler-Faccini et al., 2017). Following 
the recent outbreaks in the Pacific and the Americas in 2014-15, studies revealed a 
strong link between ZIKV infection and neuropathology, i.e. Guillain-Barre 
syndrome in French Polynesia (Paixão et al., 2016) and the Americas (Dos Santos 
et al., 2016), congenital syndrome in new born with microcephaly (França et al., 
2016) and ocular abnormalities (Cugola et al., 2016; de Paula Freitas et al., 2016) 
in South America, and recent records of encephalitis (Rozé et al., 2016; Soares et 
al., 2016) and myelitis in adults (Mécharles et al., 2016). Zika virus neurotropism 
has been widely studied with different models, in vitro with human pluripotent stem 
cell (hPSC)-derived neural progenitor cells and organoids (Dang et al., 2016; 
Garcez et al., 2016), or mouse models (Bell, Field, & Narang, 1971; Tang et al., 
2016) with different viral strains from Africa, Asia and Brazil (Cugola et al., 2016; 
H. Li et al., 2016). As arboviruses, most flaviviruses replicate alternately between 
mammalian and avian hosts and insect vectors, with sometimes negative 
consequences for the latter, but without obvious pathology. West Nile virus can 
infect human neuronal cells, resulting in encephalitis (Sejvar et al., 2003), as well 
as its mosquito vector’s nervous system (Girard et al., 2004). Dengue virus, despite 
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being much less neurotropic in human than WNV, is also neurotropic in mosquitoes 
(Salazar et al., 2007), and has been shown to modify mosquito behaviour (Tamara 
N Lima-Camara et al., 2011). Although ZIKV shows a strong neurotropism in 
human embryos and other mammal models, studies addressing the nervous system 
infection have so far neglected the vector part of the virus lifecycle. As attested by 
multiple Drosophila models for human neurological diseases (Bilen & Bonini, 
2005), mammal and insect neurons are conserved at many cellular levels (Jacob, 
Maurange, & Gould, 2008). Despite the obvious differences (placenta, or blood-
brain barrier, etc.), viral infection mechanisms could be shared between the two 
virus hosts and the natural vector host deserves attention to decipher biological 
processes leading to potential disease mechanisms.  
In this chapter, the behavioural impact of ZIKV infection and its neurotropism in 
the main mosquito vector Aedes aegypti were investigated. Experiments were 
performed along with dengue virus serotype-2 (DENV2) as a control. Beside 
behavioural assays, the microelectrode array (MEA) technology was used, and for 
the first time in insect neurons, to record electrical spiking activity from mosquito 
primary neuron cultures. This technique provides important data about impact of 
viral infection on neuronal network communication in mosquitoes. Finally, 
confocal microscopy was used to examine possible network structure modifications 
and mRNA expression to elucidate possible neurotransmitter cellular pathways 
involved during ZIKV infection. This study highlights the importance of studying 
ZIKV infection from the vector’s perspective in order to fully understand ZIKV 
infection dynamics and host neuronal pathogenesis.  
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1) Materials and Methods 
Viruses preparation and strain  
 
Zika virus (ZIKV) human isolate from Cambodia 2010 (Genbank KU955593) was 
used and passaged in C6/36 cell line and harvested at 72 hours post infection.  
Dengue virus serotype 2 ET300 (DENV2) isolated from a soldier in Australia 
returning from East Timor, was passaged 7 times in C6/36 cell line. 
Mosquito rearing and oral infection 
 
Originating from Brisbane, Australia in 2015, Aedes aegypti mosquito colonies are 
kept in a PC3 laboratory. Colony room temperature was set at 26°C and 60-70% 
humidity, with a 14–10 hours light-dark photoperiod with gradual two hours of dim 
light transition mimicking dawn and dusk to avoid startle response induction. 
Mosquitoes were regularly blood fed (Hemotek membrane feeding system®) with 
chicken blood. At one-week post emergence, young females were given an 
infectious blood meal for one hour at 37°C.  
Prior blood feeding, plasma was removed and substituted with same volume of 
virus solution in L15 media to a final 104.9 TCID50/ml for ZIKV and 10
5.9 
TCID50/ml for DENV2 of viral titer. In control blood meal, L15 media without 
virus was used. After feeding, only engorged females were kept and sacrificed at 
two weeks post infection (pi), for more details see (Duchemin et al., 2017).  
 
Mosquito activity monitoring  
Fifteen blood-fed Aedes aegypti females, for each uninfected and infected, were 
isolated in individual Plexiglas cages (30×30×30 cm) and monitored by a camera 
with infra-red capture capacity (Flea3, Point Grey Research, Canada) as shown in 
the setup (Figure 4-1). Recording started at one-day post infection (dpi), capturing 
one frame every 60 seconds for 14 days. Recording was paused for three hours at 
7 dpi allowing the intake of a second, not infected, blood meal. Each cage contained 
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a plastic see-through container with a strip of sand paper allowing the females to 
lay their eggs. Each day had the following light pattern: 0% of light as “night” (for 
8 hours), 10% of light (for 1 hour) then 50% of light (for 1 hour) as “dawn”, 100% 
of light as “day” (for 12 hours) and 50% of light (for 1 hour) then 10% of light (for 
1 hour) as “dusk”. An indirect Infrared light facilitated “Night” time recording. 
Pictures were then converted into a time-lapse video, which was processed by a 
custom-developed software to monitor mosquitos’ position variations across video 
frames. Data were then normalized at each time point with the number of females 
alive in the cage. The experimenter manually detected the time instances of 
oviposition, defined as presence of females in the container, by watching the 
recorded videos. Data were exported and analyzed with R statistical software 
(Dessau & Pipper, 2008). The algorithm also gives the two dimensions (2D) 
location of the females when they move during the recording to visualize space 
occupation linked to their activity. Finally, eggs were collected after the end of each 
oviposition period and counted with Icount tool ((Gaburro et al., 2016) and 
Appendix I). 
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Figure 4-1: Aedes aegypti activity monitoring post infectious blood-feeding. 
Experimental set up with the two groups (uninfected and infected females) being 
recorded in parallel and the camera’s view point before launching custom 
developed algorithm. 
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Immunohistochemistry (IHC)  
Head sections of eleven ZIKV infected females and four controls were tested for 
presence of ZIKV with the IHC technique using antibody against the Murray Valley 
Encephalitis Virus NS1 protein (4G4, Roy Hall, University of Queensland) at a 
dilution of 1:100. Following application of the primary antibody, EnVision FLEX+ 
Mouse Linker (Dako, Glostrup) was applied to amplify the signal. A HRP labeled 
secondary antibody, EnVision FLEX/ HRP (Dako, Glostrup), was then applied 
with the AEC chromagen, AEC+ High Sensitivity Substrate Chromogen (Dako, 
Glostrup), as a brownish-red precipitate. Prior to immunohistochemical staining, 
sections were antigen retrieved using the Dako PT link and EnVision FLEX Target 
Retrieval Solution High pH (Dako, Glostrup) for 20 minutes at 97°C. A 3% 
hydrogen peroxide (VWR) solution in EnVision FLEX Peroxidase- Blocking 
reagent (Dako, Glostrup) was also used to eliminate endogenous peroxidase 
activity within the mosquitoes. Slides were examined using a Leica DM500 
inverted microscope, and photographed using a Leica digital camera and LAS 4.9.0 
software (Leica Microsystems, Germany), magnifications 4× and 40×.  
Primary neurons dissociation  
 
Adult female mosquitoes, Aedes aegypti were cold euthanized at 3-4 days post 
emergence and brains were dissected then isolated in L15 media supplemented with 
10% Tryptose Phosphate Broth, 10% Fetal Calf Serum, fungizone and penicillin-
streptomycin (50 units/ml). Fifteen to twenty brains were pooled and transferred 
into a 2 ml tube with clean media for mechanical dissociation by repetitive 
trituration (at least pipetting ten times the tube content) using a 1 ml pipette. Cells 
were then centrifuged 2 times (5× g for 3 min) and then resuspended in 50 µl of 
clean media.   
Primary neuron cultures and infection  
 
Primary neuron cultures for confocal microscopy assays, TCID50 and RT-q-PCR 
were prepared as previously described. For confocal microscopy, coverslips were 
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pre-coated with 100 µl of polyethyleneimine (PEI, Sigma, 0.05% in Borate-
buffered solution) at room temperature (RT) for 30 min, rinsed three times with 
tissue culture treated water (TC-water) and let to dry out in the Biosafety Cabinet 
class II (BSCII). Cells were plated in a 24-well plate with 25 µl from a stock 
solution of 3×106 cells/ml. Plates were placed in incubator at 28 ºC for half an hour 
for cells to adhere before adding 1 ml of completed L15 media (10 % FCS).  
For primary neuron cultures on microelectrode array (MEA), the method was 
modified from Hales et al.’s (C. M. Hales, Rolston, & Potter, 2010). Microelectrode 
arrays were pre-coated before cell seeding described before. The coating consists 
of 100 µl PEI at RT for 30 min, followed by TC-water rinses (3 times); laminin 
(0.02 mg/ml, Sigma L-2020) was finally added for 20 min at 37 ºC and 5% CO2, 
just before plating. Cells were plated in the center of the MEAs at 7.5×104 cells per 
device (25 µl volume). After half an hour in the 28 ºC incubator for cells to adhere 
to the bottom of the MEA well, 1 ml of cell media was added. Half of the culture 
medium was changed every 3-4 days excluding the day before recording. 
All primary neuron cultures were infected with the Multiplicity of Infection (MOI) 
of 0.2 MOI at 7 days of in vitro (div) culture, after network maturation. For 
infections of 24-well plate cultures, the whole media was removed and replaced 
with 1 ml of virus. For infection on MEAs, cells were infected with 0.2 MOI virus 
in 300 µl for one hour before adding fresh media. 
Viral titration with TCID50  
 
For virus dynamics titration, 1 ml of supernatant from neuron cultures was sampled 
in triplicates at 24, 48 and 72 hours post infection (hpi) and stored at -80ºC till 
TCID50 assays. The samples taken at 0 hpi were the initial amount of virus added 
to the wells. 
Viral titers at the different time points were determined by end point titrations 
(TCID50) in Vero monolayer cell cultures. Each plate was screened for 
cytopathogenic effect at 3 and 5 days post infection and to determine TCID50 using 
Spearmann-Karber calculation method (Japour et al., 1993).   
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Quantitative real time RT-q-PCR  
 
Total RNA was collected from matured neuronal networks at 12, 24, 48 and 72 hpi, 
for gene expression quantification. For this, media was removed and replaced with 
200 µl fresh media for each cell type. Cells were removed from the bottom by gentle 
scraping and vigorous pipetting. Samples are kept at -80 ºC till RT-q-PCR assays. 
Total RNA was extracted using RNeasy Plus Mini Kit (Qiagen Sciences, Maryland, 
MA) and 10 µl of RNA was used to prepare cDNA using random hexamers and 
Superscript-III reverse transcriptase (Thermo Fisher Scientific Inc. Australia) as 
per manufacturer’s protocol. Real-time PCR assay in triplicates was performed 
using the SYBR® Premix Ex Taq™ II (Takara-Bio Inc, China) and running on a 
QuantStudioTM 6 Flex Real Time PCR System (Applied Biosystems) suing 
specific primers (Table 4-1). Settings were: 95°C for 30 seconds, followed by 45 
cycles of 95°C for 5 seconds, 55°C for 40 seconds, and finally followed by melt-
curve stage for fluorescence measurement. 
The 2ΔΔCt values were calculated at each time point for each gene as the fold 
increase over uninfected control at the same time point.  
 
Table 4-1: Forward (grey background) and reverse (white background) primers 
for mosquito (Aedes aegypti) genes used for RT-q-PCR. 
Aedes aegypti (mosquito)  
Voltage-gated para Na channel 
(EU399179) 
CGGATATCGCGCTTCTCCAA 
ATGATTGTGCTGCTCACCTG 
Glutamate dehydrogenase 1 
(XM_001660812) 
CGTTTCGTTCTTCGAGTGGC 
TTCCTGGATAGAGGCGAGCA 
EAAT (XM_001656303) TCGGAACCTCGTCAAGTTCG 
TCGGTAGCACAAATCGGGAC 
vGlut (XM_001654107) TTGAGGAAATCGAACGGCCA 
AATGATGAACCCCAGGCAGG 
GAT1 (XM_001660967) TCTTCATGGAACTGGCGCTT 
CAGCATGACATTACGGCTGC 
GABA receptor subunit 
XM_001653155 (U28803.1) 
ACGAATGCTGCCTTACCGAA 
GTGGCGTATTCCAGCAGACT 
RpS17 AACGAAGCCCCTGCGCACAA 
CCTGCTCCAGGGCGGACACT 
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Immunofluorescence (IF)  
 
At 0 and 7 days post infection (dpi), primary neuron cultures grown on coverslips 
were fixed using 4% paraformaldehyde in 0.05M Phosphate Buffered Saline 
(PBSA) for 20 minutes with gentle shaking. The coverslips were washed gently 
three times for 5 minutes using 1 ml of PBSA. Cells were permeabilized with 1 ml 
of 0.1% Triton X-100 (Sigma-Aldrich) in PBSA for 10 minutes and rinsed three 
times in PBSA. Non-specific binding was blocked with 0.5% BSA in PBSA for 30 
minutes. Primary antibodies were diluted in 0.5% BSA in PBSA and incubated for 
1 hour at room temperature. The following primary antibodies were used: DAPI 
(32670, Sigma-Aldrich), 1:50 mouse anti Futsch (DSHB University of Iowa), 1:100 
mouse anti 3C11 (DSHB University of Iowa). Coverslips were washed three times 
with PBSA for 5 minutes. Coverslips were then incubated in species-specific 
secondary antibodies diluted in 5% BSA in PBSA for 1 hour at room temperature, 
followed by two washes of 5 minutes with PBSA. Coverslips were then washed 
twice with water and counterstain nuclei with DAPI for 10 minutes, before a final 
wash in water and mounted carefully on glass slides. The slides were observed with 
a 63× objective (with oil) using a Leica SP5 confocal microscope. For the number 
of coverslips and images taken per treatment and condition, see Appendix III.  
Raw images were extracted with LAS AF Lite software (Leica Microsystems, 
Germany) in single channel format for analysis. Image analysis is done with ImageJ 
software (Abràmoff et al., 2004). Images were first converted into 16-bits format 
with default threshold (dark background, B&W parameters). Results were 
normalized with the number of cells by count of DAPI particles. For DAPI 
counting, the option “Watershed” was applied before analysis to avoid counting 
merged particles. The Plugin “Analyze particles” was then used with the parameters 
“0.00-1.00” for circularity and “50-Inf” for size. Futsch and 3C11 signal 
quantification analysis were done with the automatically calculated value of the 
“Measure’, and “Raw integrated density” options. 
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Data acquisition with microelectrode array  
 
Recording material 
Microelectrode array (MEA) were used for electrophysiological recording of 
neuronal networks (60MEA 200/30iR-Ti-gr, Multi-Channel Systems, Reutlingen, 
Germany). The glass devices consist of 59 TiN/SiN planar round electrodes (10-30 
µm diameter; 100-200 µm center-to-center inter-electrode intervals) arranged in a 
square grid without corners. A single larger electrode served as reference ground 
electrode, replacing one recording electrode. Online cellular activity was recorded 
using the MEA60inv System (Multi Channel Systems, Reutlingen, Germany). 
Action potential was recorded at each electrode sampled at 10 kHz. MC_Rack 
software (Multi Channel Systems), installed on the acquisition computer, allowed 
files acquisition. Data analysis was performed off-line using MC_Rack software by 
Multi Channel Systems and NeuroSigX software developed by researchers at 
Institute for Intelligent Systems Research and Innovation, Deakin University, 
Australia.  
Recording method 
All manipulations and recordings were made in a Biosafety Cabinet class II, for 
safe containment of viruses. Each recording session consisted of a 30 minutes of 
spontaneous activity recording at 0, 2, 3, and 7 dpi or 15 minutes of each post 
stimulus activity recording at 8 dpi for gabazine stimulation assays. Every record 
started 5-10 min after placing the MEA on the amplifier to avoid neuron response 
to mechanical stress due to movement and to allow adaptation to the BSCII 
conditions and temperature set by the adaptor instead of incubator. MEA’s 
temperature was maintained at 28 ºC through the recording according to the 
neuronal culture’s viable temperature. Half of the media was changed after each 
recording session.  
The raw continuous voltage traces were filtered to remove the traces of field 
potential below 200 Hz generated by the collectively charged network. The high 
pass filter was comprised of a 2nd order Butterworth filter with cutoff frequency of 
200Hz. The spike detection threshold was set at 8 times the high-pass filtered 
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signal’s standard deviation (Chiappalone et al., 2006) (as measured by MC_Rack 
software, 22 µV) within a 500 milliseconds window.  
Recording time points: once the dissociated neurons from mosquitoes were plated 
on the MEA, the cultures were let to grow and maturate for seven days (Figure 4-2). 
At 7 days in vitro (div), A. aegypti primary neuron networks were infected with 
ZIKV or DENV2 (used as a control) at a MOI of 0.2.  
For each experimental assay, six electrophysiological recordings of spontaneous 
activity were made. The first was done at 7 div before infection and set as reference 
for further analysis. After infection, records were sampled a 2, 3 and 7 days post 
infection (dpi). The last recording took place at 8 dpi for stimulation with 20 µM 
of gabazine (Pegoraro et al., 2010), a GABAA antagonist (Tocris SR 95531 
hydrobromide [2-(3′-carboxy-2′-propyl)-3-amino-6-p-
methoxyphenylpyridazinium bromide]). Before the introduction of the gabazine, a 
prerecording was done by adding the same volume of solvent (TC-water) in the 
well as a reference for the analysis of the gabazine stimulus.  
Microelectrode Array data analysis  
 
Microelectrode array data analysis with MC_Rack: MEA data analysis is 
performed offline with MC_Rack software (Multi Channel Systems, Reutlingen, 
Germany). Active electrodes (AE) are selected if the spike rate for the electrode is 
equal or higher than 0.01 spike per second. Burst electrodes are detected with the 
following parameters: maximum interval to start burst = 100 ms, maximum interval 
to end burst = 100 ms, minimum interval between bursts = 100 ms, minimum 
duration of burst = 10 ms, and minimum number of spikes in burst = 3 (adapted 
from (Chiappalone et al., 2006). The relative total spike (TS) number changes per 
electrode is calculated by: Ratio = ln (TS at time point dpi)/(TS at 0 dpi) for 
spontaneous spike activity. For post gabazine analysis, the TS reference is changed 
with the activity post stimulation by solvent (TC-water).  
Microelectrode array data analysis with NeuroSigX: MC_Rack files are cut into 6 
filtered files of 5 minutes for spontaneous activity at the different times post 
infection and 6 files of 2 minutes post gabazine stimulation at 8 dpi. Mcd files are 
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then converted into txt files (MC_Data tool, MultiChannel System, Reutlingen, 
Germany) and analyzed by NeuroSigX. The NeuroSigX software uses novel spike 
sorting and data analysis algorithms to explore the neural spike activity and spatio-
temporal behavior of the neuronal network (Veerabhadrappa et al., 2017). A 
threshold of 22 µV is employed to maintain the analytical consistency between the 
preliminary analysis by MC_Rack software and analysis by NeuroSigX. Electrode 
activity maps figures are extracted for spatial analysis and illustration. 
 
Figure 4-2: Procedure of primary neuron culturing and recording on 
microelectrode array (MEA). Experimental setup and MEA analysis parameters 
illustration using Aedes aegypti primary neuron cultures on MEA. 
 
105 
 
Statistical analysis and graphics.  
 
Graphs and statistical analysis are done using GraphPad Prism 5 software. All 
statistical tests are done using a two-tailed analysis except when one-tailed 
mentioned. All statistical results are expressed with the p-value using the following 
annotations: ns for P > 0.05, * for P ≤ 0.05, ** for P ≤ 0.01, and *** for P ≤ 0.001. 
For mosquito’s behavioral activity analysis, modeling and statistical analysis were 
done using the R software version 3.4.0 (Dessau & Pipper, 2008) with “ggplot2” 
(Wickham & Chang, 2015) and “mgcv” (S. N. Wood, 2001) packages to perform 
generalized additive modeling (GAM) for a mosquito activity time series analysis. 
The principle behind GAM is similar a regression one, a method which models the 
response variable by independent variable(s), except that instead of summing 
effects of individual predictors, GAM calculates a sum of smooth functions. These 
Functions allow to model more complex patterns, and they can be averaged to 
obtain smoothed curves that are more generalizable. Default parameters were used, 
and the robustness of models was checked by stretching the parameters causing no 
significant change of the results. Finally, polar analysis was done using the 
“forecast”, “sugrrants” and “tidyverse” packages, with female activity data 
classified in four day periods depending of light conditions (day, night, dawn and 
dusk). 
2) Results 
Impact of virus infection on vector’s behaviour  
To test for potential impact of virus infection on Aedes aegypti mosquito activity, 
female mosquitoes were recorded by time-lapse video for two weeks after 
infectious blood meal. Locomotion activity showed 24 hours oscillations, being 
mainly diurnal, with peaks at the beginning and end of each photophase, consistent 
with previous findings (A. Clements, 1999; Tamara Nunes Lima-Camara et al., 
2014). However, ZIKV-infected females showed significantly increased diurnal 
locomotion activity compared to uninfected females, especially during the egg-
laying, or oviposition phase (Figure 4-3.B and Figure 4-4.A). Dengue virus infected 
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females also showed an increase in activity, although delayed compared to the 
ZIKV infected group. Polar graph illustration also revealed increase in activity for 
ZIKV infected females mostly during the day (100% light condition), whereas 
DENV2 infected females showed increased activity during the night (Figure 
4-4.B).  
 
Figure 4-3: (A) Aedes aegypti survival and (B) raw data of female activity during 
the day (100% light) showing 24 hour oscillations. Survival curves had no 
significant differences between uninfected and ZIKV or DENV2 infected females 
(Gehan-Breslow-Wilcoxon Tests). Each data point of the line charts represents 
one hour average of the sum of 10 minutes recording (± sem). The two ZIKV and 
DENV2 infected groups are significantly different than their uninfected group 
with respectively P < 0.0001 (Two-tailed Wilcoxon signed rank test, W = -9625) 
and P = 0.0003 (Two-tailed Wilcoxon signed rank test, W = -555).  
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Figure 4-4: Flaviviruses Zika and dengue infection effect on Aedes aegypti’s 
behaviour (A) Generalized additive modeling for Aedes aegypti activity time 
series analysis (number of movements per frame normalized by the number of 
females present in the cage) post infectious blood-meal (0 dpi, first blood-meal) 
and non-infectious second blood meal (7 dpi). Curves are smoothed by 
generalized additive model based on a cubic regression spline. (B) Graphs with 
polar coordinates representing female activity in respect to “day” (100% light), 
“night” (0% light), “dawn” (50% then 10% light) and “dusk (10% then 50% 
light). 
Compared to control, both infected groups showed a wider space occupation in the 
cage by active females (Figure 4-5). No significant negative fitness effect of 
infection was detected either on life expectancy (see survival curves in Figure 4-3.A 
and Appendix IV.A and B) or on number of eggs laid (Table 4-2). However, it 
would appear that ZIKV did increase mosquito mortality and the lack of 
significance may be due to an underpowered study. In addition, previous results 
showed that DENV2 had a significant negative effects on the vector fitness (Table 
3-3). Altogether, these data indicate a change in behavior and fitness of the main 
vector after natural infection by these two flaviviruses. This indicates possible 
interplay between virus infection and neural system functioning. Although DENV2 
has been detected in the head tissues of Aedes aegypti post natural infection 
(Salazar et al., 2007), no data are available regarding the neurotropism of ZIKV in 
its main vector. 
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Figure 4-5: Aedes aegypti cage space exploration at 5 days post infection. The 2 
dimensions (2D) view of the cage images show where females have been the more 
active (in yellow) to inactive or absent (in blue) during the time-lapse video 
recorded at 5 dpi. The corresponding graphs on the right shows the respective 
space occupation but with the female’s activity added on the y-axis. 
 
 
109 
 
Table 4-2: Average number of eggs laid by female during each experimental 
assay. 
  
NUMBER OF EGGS PER FEMALE 
EXPERIMENTAL 
ASSAY 
Group Blood-meal 1 Blood-meal 2 
ZIKV_1 Uninfected 19.5 37 
Infected 23.18 22.4 
ZIKV_2 Uninfected 21.82 21.33 
Infected 17.56 23.25 
DENV2_1 Uninfected 17.15 71.8 
Infected 23.08 70.86 
DENV2_2 Uninfected 22.14 31.56 
Infected 10.62 19.29 
 
Zika virus neurotropism in mosquito  
To confirm the presence of ZIKV in the central nervous systems of orally infected 
Aedes aegypti, sections from female mosquito heads were tested two weeks post 
ZIKV infection using pan-flavivirus anti-non-structural protein 1 (NS1) antibody.  
Replicating virus, as indicated by positive NS1 staining, was present in 8 out of 11 
ZIKV infected mosquito heads (Fisher exact one-tail test P = 0.0256), indicating a 
tropism of ZIKV to the mosquito central nervous system (brain) as well as 
peripheral sensory organs (antenna, eyes) (Figure 4-6). This indicates the presence 
of ZIKV and DENV in mosquito heads possibly disrupting neuronal 
communication, also attested by the change of behaviour observed. 
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Figure 4-6: Mosaic of head sections of an Aedes aegypti female at two weeks post 
oral-ZIKV infection with pan-flavivirus NS1 detection (red circles for 4 × 
magnification and red square for 40 × magnification site). 
 
Virus impact on mosquito neuron spike activity 
To test our hypothesis of the ability of flaviviruses to interfere with neuronal 
communication, electrophysiological activity was recorded at 2, 3 and 7 days post 
infection (dpi) using planar Microelectrodes Array (MEA) (Novellino et al., 2011), 
111 
 
a method rarely used with invertebrate (Massobrio et al., 2013) or with virus 
infection. For each individual electrode, the total spike (TS) number was recorded 
at different times post infection for 30 minutes. At 2 dpi, ZIKV infection triggered 
hyperactivity in Aedes aegypti primary neuron cultures (Figure 4-7, Appendix V) 
which remained hyperactive at 7 dpi. This indicates that ZIKV infection of 
mosquito neurons leads to sustained hyper excitation. On the contrary, no 
significant differences were recorded at these time points for DENV2 infected 
cultures.  
 
Figure 4-7: Electrophysiological analysis of infected mosquito primary neuron 
cultures. Spontaneous spiking activity with average ratio of total spike (TS) 
number per electrode between 0 dpi (reference) and TS number at 2 and 7 dpi of 
spontaneous activity. Statistical differences were calculated with unpaired t tests 
by comparing uninfected group to infected groups unless indicated by bracket. *P 
< 0.05; **P < 0.01; ***P < 0.001; means ± SEM. 
 
 
GABAA or ɤ-Aminobutyric acid, is an amino acid inhibitory neurotransmitter 
widely present in the vertebrate and invertebrate nervous system (Lummis, 1990; 
Nistri & Constanti, 1979). Cultures were treated with gabazine (Tocris SR 95531 
hydrobromide), a GABAA antagonist, to stimulate the firing activity of neuronal 
networks (Pegoraro et al., 2010) and check for the possibility of further spiking 
excitation at 8 dpi. The uninfected neurons showed increased activity after gabazine 
treatment as shown before (Hosie & Sattelle, 1996; Satoh, Daido, & Nakamura, 
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2005) (Figure 4-8). Cultures infected with ZIKV had a significant lower response 
to gabazine compared to the introduction of the solvent (Figure 4-8 and Figure 4-9), 
due to the high spontaneous spiking activity triggered by the infection. This result 
is also confirmed by the network activity illustrated by the 3D electrodes maps 
Figure 4-9A, where the spike number per electrode is comparable post solvent and 
gabazine in ZIKV infected cultures. Indeed, Zika virus infected mosquito cultures 
showed hyper reactivity of neurons in response to water, as well as to gabazine.  
 
Figure 4-8: Electrophysiological analysis of infected mosquito primary neuron 
cultures. Mosquito neurons stimulated activity with average ratio of TS number 
per electrode between gabazine stimulus and solvent (water) introduction. 
Statistical differences were calculated with unpaired t tests by comparing 
uninfected group to infected groups unless indicated by bracket. *P < 0.05; **P 
< 0.01; ***P < 0.001; means ± SEM. 
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Figure 4-9: GABAA antagonist stimulus one week post infection on mosquito 
neuron cultures (A) 3D electrode activity maps of the effect of gabazine 
stimulation on mosquito neuronal networks for 2 minutes, post water as baseline 
and post gabazine. (B) Bar plots representing the average proportion of Active 
Electrodes (AE) and Bursting electrodes (BE) per MEA for each group after 
introduction of the solvent (TC-water) and gabazine stimulus. (C) Line charts 
representing the average relative change of the mean spike number per electrode 
between the reference (TC-water) and the introduction of gabazine at different 
time points. All data points show mean value with ±SEM and statistical tests p-
value are indicated on top of data points when significant. 
 
Virus dynamics and impact on mosquito primary neuronal 
network  
TCID50 was performed using culture supernatant to confirm if there was virus 
replication in mosquito primary neuron culture model, as seen in in vivo infected 
mosquito heads. Results showed that ZIKV replicated in mosquito primary 
neuronal cultures by quickly reaching a plateau within 2 dpi (Figure 4-10) whereas 
DENV2 infected cultures showed an initial decrease followed by increase in virus 
titers until 3 dpi.  
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Figure 4-10: ZIKV replication dynamics (using TCID50 in Vero cells) in primary 
neurons from mosquito primary neuron cultures (n = 3 per condition). 
 
Confocal microscopy was performed to compare the effect of the two flaviviruses 
on the neuronal network’s structure. Synapsin proteins (stained with the 3C11 
antibody) have several functions at the synapse level, including regulation and 
maintenance of reserve pool of pre-synaptic vesicles for neurotransmitter release 
(Hilfiker et al., 1999). At 7 dpi, ZIKV infected mosquito cultures showed 
significantly higher signal of 3C11 compared to the uninfected (Figure 4-11.A and 
B). At the same time, there was no difference in DENV2 infected cells compared 
to control. On the contrary, the antibody signal for Futsch at 7 dpi, a key effector 
in Drosophila synapse development (Roos et al., 2000), orthologous to the 
vertebrate Microtubule Associated Protein-1B (MAP1B) (Fujita et al., 1982), 
increased in uninfected and DENV2 infected mosquito cells (Figure 4-11.A and C), 
but not in ZIKV infected cultures.  
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Figure 4-11: Effect on neuronal network after Zika virus (ZIKV) and Dengue 
serotype-2 virus (DENV2) infection in primary neuron cultures. (A) Confocal 
images of mosquito primary neuron culture post ZIKV and DENV2 infection at 7 
dpi. In red is 3C11 antibody, corresponds to Synapsin-1, and in green is Futsch 
antibody, a MAP1B homolog. Each confocal image has its respective image 
showing stained signal after applying image threshold with ImageJ. 
Quantification of 3C11 signal (B) and Futsch puncta (C) in mosquito neuron 
cultures, normalized by the number of DAPI counts. Statistical differences were 
calculated with Mann-Whitney U tests by comparing 0 dpi to the other groups 
unless indicated by bracket. *P < 0.05; **P < 0.01; ***P < 0.001; means ± 
SEM. 
Neurotransmitter pathways response after ZIKV infection  
Since glutamate is the main excitatory neurotransmitter (Danbolt, 2001), it could 
be responsible for the hyper excitatory effect initiating at 2 days post ZIKV 
infection. Real time RT-q-PCR performed on ZIKV infected neurons showed that 
mRNAs expression of glutamate pathway genes such as the Excitatory Amino Acid 
Transporter (EAAT) at post-synaptic level and Glutamate Dehydrogenase (GD1) a 
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mitochondrial enzyme responsible for glutamate oxidation and recycling, increased 
during the first three dpi (Figure 4-12.A and B). On the other hand, VGlut 
(Vesicular Glutamate Transporter, a cytoplasmic pre-synaptic glutamate 
transporter) mRNA showed no substantial change over time after infection (Figure 
4-12.C). Regarding the GABAA pathway, pre-synaptic GABAA transporter 1 
(GAT1) mRNA was significantly over-expressed only transiently in ZIKV infected 
neurons at 24 hpi (Figure 4-12.D) and the GABAA receptor subunit expression was 
decreased in the same time window (Figure 4-12.E). Finally, VGNaC (Voltage-
gated sodium channel, responsible for the propagation of action potential) mRNA 
expression increased in mosquito neurons with a peak at 48 hpi or 2 dpi (Figure 
4-12.F), corresponding to the hyper-excitatory phase recorded with MEA (Figure 
4-7). These results indicate that ZIKV infection leads to differential gene 
expression of glutamate pathway genes in neurons. 
 
Figure 4-12: Genes mRNA expression after Zika virus infection in Aedes aegypti 
primary neuron cultures. Quantification of (A) Glutamate transporter (EEAT), 
(B) Glutamate dehydrogenase (GD1), (C) Glutamate transporter VGlut, (D) 
GABAA transporter (GAT1), (E) GABAA receptor subunit and (F) Voltage-gated 
sodium channel (VGNaC) mRNA expression. All bar plots show mean value with 
±SEM (n=3) of fold increase compared both to housekeeping gene and uninfected 
culture (ratio of 2-ΔΔCt) at the same time point in hours post infection (hpi). 
Statistical differences were calculated with unpaired t tests by comparing mRNA 
expression at timei to timei-1 within each group (n = 3). *P < 0.05; **P < 0.01; 
***P < 0.001; means ± SEM. 
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3) Discussion 
 
The results of this chapter reveal behavioural modifications caused by Zika 
infection in its main vector Aedes aegypti, by increasing its locomotor activity as 
well as increasing its use of the cage space. These behavioural changes post 
infection underlie a potential way to manipulate the mosquito host and to increase 
viral transmission possibly by improving space exploration of infected females. 
This could be advantageous for the virus, broadening the spatial range of infected 
vectors and increasing the chances of transmission to new susceptible hosts. It also 
complements the ZIKV vertical transmission ability from infected mosquito female 
to its progeny (C.-x. Li et al., 2017; Thangamani et al., 2016) in a way of increasing 
the range and numbers of mosquito carrying the virus and able to transmit it to a 
new mammal host. Changes in mosquito locomotion activity have been found with 
DENV2 infection in Aedes Aegypti (Tamara N Lima-Camara et al., 2011) though 
with different methods (infection bypassing the midgut by intrathoracic inoculation 
and small volume cage by Drosophila Activity Monitor TriKinetics® techniques). 
There are only few reports of virus changing its vector behaviour (Grimstad et al., 
1980; Tamara N Lima-Camara et al., 2011; Vogels et al., 2017). West Nile virus, a 
neurotropic flavivirus in humans and horses, does decrease the host-seeking 
behaviour of its vector Culex quinquesfasciatus, hence with a potential negative 
effect on virus transmission. Changes of behaviour have been also observed in 
insect-borne plant viruses, which can influence their vectors to enhance their 
transmission, either indirectly, through the infected host plant, or directly, after 
acquisition of the pathogen by the vector (Eigenbrode, Bosque-Pérez, & Davis, 
2017). These manipulation strategies to enhance virus or pathogen transmission is 
thus not an uncommon phenomenon. A recent study observed behavioural changes 
in congenitally ZIKV-infected mice, which showed motor incoordination and 
visual dysfunctions (Cui et al., 2017). These behavioural deficits, detected in 
mammalian hosts add another proof of the ability of ZIKV to interfere into the 
CNS. However, behavioural dysfunctions do not always prove that the virus 
interferes with the nervous system, as other metabolic dysfunctions or immune 
responses can also trigger behavioural changes in mammals. 
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Interestingly, a strong difference in DENV2 and ZIKV virus infection was observed 
at the neuronal network level on our mosquito primary cultures. First, ZIKV 
infected primary neurons showed an increased spiking activity from 2 to 7 dpi, 
while DENV2 infected cultures were no different from uninfected ones in electrical 
activity. Secondly, no significant network structural changes were detected in 
DENV2 infected culture, while ZIKV infected neurons showed significantly more 
synapse connections, but less microtubule protein signals. Since glutamate is the 
main excitatory neurotransmitter, it is a good candidate to explain this increase of 
neuronal activity. However, glutamate can also be neurotoxic at high 
concentrations, triggering trans-neuronal degeneration with damage or death of 
neighbouring neurons connected by glutamatergic synapses (Danbolt, 2001). This 
hypothesis has been proposed, pro parte, for Zika pathogenesis in a mouse embryo 
model (Costa et al., 2017) as well as in alphavirus encephalomyelitis (Griffin, 
2005). Our results showed upregulation of EEAT in ZIKV-infected mosquito 
neurons, which, in cerebral ischemia in humans, has shown to be protective (Chao, 
Fei, & Fei, 2010). In human cases of West Nile virus-induced acute flaccid 
paralysis, and in related hamster model, the EEAT expression is decreased in the 
spinal grey matter and associated with pathology (Blakely et al., 2009). In Aedes 
aegypti neuron cultures, the glutamate transporter response could compensate for 
glutamate overproduction. Similarly, mitochondrial GD1 upregulation would be 
beneficial to mosquito neurons by increasing catabolism of glutamate towards the 
tricarboxylic acid cycle (McKenna, 2011). These mechanisms, among others, could 
allow the mosquito neurons to be tolerant to ZIKV-induced hyper excitation, 
contrary to mouse neurons (Costa et al., 2017).  
The voltage-gated sodium channel (VGNaC or Nav) was found to be upregulated 
during ZIKV infection of mosquito primary neuron cultures, potentially triggering 
or sustaining an excitatory state of the mosquito. Interestingly, if insecticide 
resistant Aedes aegypti mosquito carry double kdr mutations of the voltage-gated 
sodium channel (VGNaC or Nav), its locomotion activity is increased (Brito et al., 
2013). Moreover, this channel has been proposed as target of human anti-
ganglioside antibodies in Guillain-Barré syndrome associated with Campylobacter 
jejuni infection (Kuwabara & Yuki, 2013; Vucic, Kiernan, & Cornblath, 2009) by 
molecular mimicry.  
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The results of Chapter 4 showed relatively benign and possibly beneficial 
interactions between ZIKV and its mosquito vector, in strong contrast with its 
deleterious impact on human embryos. These results suggest the idea of ZIKV 
neurotropism being selected in its vector, with pathological impact on its vertebrate 
host. Our study underlines the importance of such vector-directed approach in dual 
hosts systems like arboviruses and opens new paths for understanding human 
arboviral pathogenesis.  
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An arbovirus cycle includes two different types of host: the insect vector, but also 
a mammalian host for the case of dengue and Zika viruses. In order to compare the 
electrophysiological results found in the chapter 4, mouse embryo primary neurons 
were also used on MEA and infected with the two arboviruses. In the next chapter, 
the effects of dengue and Zika virus infection on embryonic neuron cultures were 
explored. 
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Zika virus-induced hyper excitation precedes 
death of mouse primary neuron  
 
Since its identification in 1947, Zika virus (ZIKV) has been mostly associated with 
asymptomatic infections in humans (D Musso et al., 2014). However, the recent 
ZIKV outbreak in Brazil revealed a strong link between ZIKV infections and 
neuropathologies of the central nervous system (CNS), especially in newborns 
(Oliveira Melo et al., 2016). Congenital syndrome with microcephaly associated 
with infection in South America has been described (França et al., 2016; Mlakar et 
al., 2016) and largely studied using in vivo models (Cugola et al., 2016; H. Li et al., 
2016; Miner et al., 2016; Yockey et al., 2016). Within the embryo’s brain, Zika 
virus has a strong preference for radial glial progenitor cells (Tang et al., 2016; Wu 
et al., 2016), which causes defects in cell proliferation and increase in neuronal 
progenitor death (Brault et al., 2016). These studies have shown that human 
neurons are susceptible to ZIKV, providing a potential cause for microcephaly 
observed in human and mouse fetuses (Fernández et al., 2016). Zika virus 
neurovirulence has also been studied in vitro with human pluripotent stem cell 
(hPSC)-derived neural progenitor cells and brain organoids (Gabriel et al., 2017; 
Garcez et al., 2016; Ming, Tang, & Song, 2016) and has provided some insights 
into clinical pathology, such as microcephaly. 
Although ZIKV seems to mainly target neural progenitors in mammalian embryo 
during the early phase of brain development, worrying questions remained 
unanswered regarding the infection at later stage of pregnancy and delayed 
pathology during childhood or adulthood. Besides congenital disorders, Zika virus 
infection has also been linked to Guillain-Barre syndrome (GBS) (Oh et al., 2017; 
Paixão et al., 2016; Parra et al., 2016; Uncini, Shahrizaila, & Kuwabara, 2017), 
which affects the peripheral nervous system (PNS), as well as recent records of 
encephalitis (Soares et al., 2016) and myelitis (Mécharles et al., 2016). Although 
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ZIKV seems to mainly target neural progenitors in the developing brain, it has also 
been found in some areas of the adult brain (H. Li et al., 2016).  
Cell death following ZIKV infection is mostly due to apoptosis with activation of 
caspase 3, throughout the brain (W.-C. Huang et al., 2016b) of postnatal mice 
infected intra-cranially with ZIKV. However, partial overlap of staining between 
cleaved caspase 3 and ZIKV infected cells suggest that the infection may induce 
apoptosis and cell death through a non-cell autonomous mechanism. Involvement 
of innate immune system via TLR3 (Dang et al., 2016) as well as of N-Methyl-D 
aspartic acid Receptor (NMDA-R) (Costa et al., 2017) have been proposed 
upstream cellular mechanisms of cell death for ZIKV associated neuronal loss. 
Costa et al. suggested neuronal excitotoxicity, mediated by excessive or prolonged 
activation of excitatory amino acid receptors, as cause of ZIKV-induced neuronal 
death. Glutamate-induced influx of ions is mediated predominantly by NMDA-R 
in neuron cultures, and treatment with NMDA-R antagonists protects the cells from 
glutamate-induced death (Choi, Koh, & Peters, 1988). This mechanism has been 
previously shown to be involved in the pathogenesis of ischemic brain injury, 
epilepsy, and neurodegenerative diseases (Choi, 1992) via glutamate, which is 
known to trigger neuronal death when present in excess quantities (Choi, Maulucci-
Gedde, & Kriegstein, 1987).  In Sindbis virus infected neurons, glutamate 
excitotoxicity was shown to be an important mediator of early virus-induced 
neuronal death (Nargi-Aizenman & Griffin, 2001). Altogether, these results imply 
that ZIKV could induce neuronal cell death, both directly and indirectly, through 
multiple pathways. 
Here the aim was to elucidate the possible mechanism(s) of neuronal cell death 
after ZIKV infection by studying temporal electrical activity of mouse primary 
neuronal network using Microelectrode array (MEA). Along with 
electrophysiological data, followed the viral replication dynamics in primary 
mouse neuron cultures was followed, as well as neuronal morphology using 
confocal microscopy. Finally, mRNA levels of glutamate and GABA 
neurotransmitters were analyzed, confirming the involvement of glutamate in 
ZIKV-induced neurotoxicity in the mouse embryonic neuron culture model. 
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1) Materials and Methods 
Viruses’ preparation and strain  
All experimental assays were done using Zika virus (ZIKV) human isolate from 
Cambodia 2010 (Genbank KU955593 (Ladner et al., 2016)) grown in Vero cells. 
Dengue virus type 2 ET300 (DENV2) isolated in Australia from a soldier returning 
from East Timor was passaged 7 times in C6/36 cell line. 
 
Primary neurons dissociation, culture and infection 
Cortical embryo primary neurons from mouse, Mus musculus, were prepared by 
the tissue culture laboratory at the Australian Animal Health Laboratory (AAHL-
CSIRO) under the permit AEC number 1686. Whole brains were extracted from 
C57BL/B6 mouse embryos at embryonic day 15 (E15) after decapitation. In 
aseptically conditions to avoid contamination, cortical neurons from embryos were 
removed from the brain by gently removing the meninges in cold dissection 
medium Hibernate (Gibco®). Isolated cortex hemispheres were then treated with 5 
mg/ml Trypsin and 0.75 mg/ml DNAseI in Minimal Essential Medium (Gibco®) 
for 5-10 min at 37 degrees Celsius to perform enzymatic dissociation. After three 
washes with the dissection medium, mechanical dissociation was performed by 10 
passages through a 10 ml glass pipette. The cell suspension was then centrifuged at 
100× g for 5 min, and pellet was re-suspended in supplemented Neurobasal® 
Medium (ThermoFisher®) culture medium.  
Neuronal cultures for confocal microscopy assays, TCID50 and 
RT-q-PCR 
Tissue culture plate wells and coverslips for confocal microscopy were pre-coated 
with 100 µl of polyethyleneimine (PEI, Sigma, 0.05% in Borate-buffered solution) 
at room temperature (RT) for 30 min, rinsed 3 times with Tissue culture treated 
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water and let to dry out in the Biosafety Cabinet class II (BSCII). Cells were plated 
in a 24-well plate with 25 µl from a stock solution of 3x106 cells/ml. The plate was 
placed in incubator for half an hour for cells to adhere before adding 1 ml of media. 
Cells were cultured at 37 ºC with 5% CO2. Wells were topped up with Neurobasal 
media for mouse neurons completed with B27 Supplement, Glutamax and 
Gentamycin.  
Neuronal cultures on Microelectrodes array: The method modified from Hales et al 
(C. M. Hales et al., 2010) was used. Microelectrodes array (MEA) were pre-coated 
before cell seeding. The coating consists of 100 µl PEI at RT for 30 min, followed 
by TC-water rinses (3 times); laminin (0.02 mg/ml, Sigma L-2020) is finally added 
for 20 min at 37C and 5% CO2, just before plating. Cells were plated in the center 
of the MEAs at 7.5x104 cells per device, corresponding to a volume of 25 µl from 
a 3x106 cells/ml stock cell solution. After half an hour in the respective incubator 
for cells to adhere to the bottom of the MEA well, 1 ml of cell media was added. 
Half of the culture medium was changed every 3-4 days excluding the day before 
recording. 
Primary neuron culture infection: All primary neuron cultures were infected with 
the same Multiplicity of Infection (MOI) of 0.2 MOI for ZIKV as well as DENV-
2 at 7 days of in vitro (div) culture, for network maturation. Mus musculus cultures 
with ZIKV passaged in VERO cells. Neuron cultures were also infected with 
DENV-2 as viral control. For infection of 24-well plate culture, the whole media 
was removed and replaced with 1 ml of virus dilution solution for an MOI of 0.2. 
For infection on MEAs, virus particles were mixed in 300 µl of media and added 
into the MEA well. After one hour, the infected media was removed and wells were 
rinsed with 300 µl of clean media. Finally, each well was topped up with fresh 
media. 
Viral titration with TCID50  
For virus dynamics titration, 1 ml of supernatant from neuron cultures was sampled 
in triplicates at 24, 48 and 72 hours post infection (hpi) and used for TCID50 assays. 
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Viral titers at the different time points were determined by end point titrations 
(TCID50) in VERO monolayer cell cultures. In a 96-wells TC plate, seven 10-fold 
dilutions of sampled supernatants were used onto Vero cells in triplicates at 37°C 
with 5 % CO2. Each plate was screened under inverted microscope for 
cytopathogenic effect at 3 and 5 days post infection and to determine TCID50 using 
Spearmann-Karber calculation method (Japour et al., 1993).   
Quantitative real time RT-q-PCR 
For gene expression quantification, total RNA was collected from cell culture at 
12, 24, 48 and 72 hpi. Media was discarded and replaced with 200 µl fresh media. 
Cells were removed from the bottom by gentle scraping and vigorous pipetting. 
Total RNA was extracted using RNeasy Plus Mini Kit (Qiagen Sciences, Maryland, 
MA). cDNA was prepared using random hexamers and Superscript-III reverse 
transcriptase (Thermo Fisher Scientific Inc. Australia) as per manufacturer’s 
protocol. Real-time PCR assay was performed using the SYBR® Premix Ex Taq™ 
II (Takara-Bio Inc, China) and running on a QuantStudio™ 6 Flex Real Time PCR 
System (Applied Biosystems). Forward and reverse primers of individual targeted 
gene are given in Table 5-1. Settings are: 95°C for 30 seconds, followed by 45 
cycles of 95°C for 5 seconds, 55°C for 40 seconds, followed by melt-curve stage. 
The 2ΔΔCt values were calculated at each time point for each gene as the fold-
increase over uninfected control at the same time point. Samples are made in 
triplicates for each value. 
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Table 5-1: Forward (grey background) and reverse (white background) primers 
for mouse (Mus musculus) genes used for RT-q-PCR. 
Mus musculus (mouse)  
Voltage-gated Na channel type II 
(NM_001099298) 
CTTGCAAGGGGCTTTTGTCTA 
GGTTTACAAATTCTGTTACATACGC 
Glutamate dehydrogenase 1 
(NM_008133) 
AGCTGGCCAAGAAGGGTTTT 
GCATAGGTGTCAGCGATCCA 
EAAT3 (NM_009199) GAAAAGCCAGGCCATAAGCG 
AGCCACAAGGCTGAGATTCC 
vGlut (NM_080853) CGGGAGCGGTCAGGTTTTAT 
GCTGATCTTTGCGAACGTGA 
GAT1 (NM_178703) CCTACACTGGCACTCTGGAC 
GGTCATGGTGTCTGGACCTG 
GABA receptor subunit 
(NM_008069) 
TTGGGGCTTCTCTCTTTTCCC 
GTCGGTCCACTGTCTCTTTCA 
18s rRNA GTAACCCGTTGAACCCCATT 
CCATCCAATCGGTAGTAGCG 
 
Immunofluorescence (IF)  
Samples preparation and confocal microscopy 
At different time points after infection (0, 1, 2, 3 and 7 days post infection or dpi), 
primary neuron cultures grown on coverslips were fixed by adding 300 μl of 4% 
paraformaldehyde in 0.05M Phosphate Buffered Saline (PBSA) for 20 minutes 
under gently shaking. The coverslips were washed gently three times for 5 minutes 
using 1 ml of PBSA. Cells were permeabilized with 1 ml of 0.1% Triton X-100 
(Sigma-Aldrich) in PBSA for 10 minutes and rinsed three times in PBSA. Non-
specific binding was blocked with 0.5% BSA in PBSA for 30 minutes. Primary 
antibodies were diluted in 0.5% BSA in PBSA and incubated for 1 hour at room 
temperature. The following primary antibodies were used: DAPI (32670, Sigma-
Aldrich), 1:200 guinea pig anti NeuN (266 004, Synaptic System), 1:500 rabbit anti 
Synapsin 1/2 (106 002 Synaptic System), 1:100 chicken anti MAP2 (ab5392, 
ABCAM). Coverslips were washed three times with PBSA for 5 minutes. 
Coverslips were then incubated in species-specific secondary antibodies diluted in 
5% BSA in PBSA for 1 hour at room temperature, followed by two washes of 5 
minutes with PBSA. Coverslips were then washed twice with water and 
counterstain nuclei with DAPI for 10 minutes, before a final wash in water and 
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mounted carefully on glass slides. The slides were observed with a 63× objective 
(with oil) using a Leica SP5 confocal microscope. For the number of coverslips and 
images taken per treatment and condition, see Appendix VI. 
Pictures data analysis 
Raw images were extracted with LAS AF Lite software (Leica Microsystems, 
Germany) in single channel format for analysis. Image analysis is done with ImageJ 
software (Abràmoff et al., 2004). Images were first converted into 16-bits format 
with default threshold (dark background, B&W parameters). Results were 
normalized with the number of cells by count of DAPI particles. For DAPI 
counting, the option “Watershed” was applied before analysis to avoid counting 
merged particles. The Plugin “Analyze particles” was then used with the parameters 
“0.00-1.00” for circularity and “100-Inf” for size pixel.  
The same type of analysis was done for NeuN counting.  For Synapsin, the signal 
was automatically calculated by the “Measure’, and “Raw integrated density” 
options. For MAP2 analysis, the same processing of the images was done by 
converting into 16-bits and applying a default threshold. The signal of the antibody 
was automatically calculated by the “Measure” and “mean gray value” options. 
Data acquisition with microelectrode array  
Recording material 
Microelectrodes Array (MEA) were used for electrophysiological recording of 
neuronal networks (60MEA 200/30iR-Ti-gr, Multi-Channel Systems, Reutlingen, 
Germany). The glass devices consist of 59 TiN/SiN planar round electrodes (10-30 
µm diameter; 100-200 µm center-to-center inter-electrode intervals) arranged in a 
square grid without corners. A single larger electrode served as reference ground 
electrode, replacing one recording electrode. Online cellular activity was recorded 
using the MEA60inv System (Multi Channel Systems, Reutlingen, Germany). 
Action potential was recorded at each electrode sampled at 10 kHz. MC_Rack 
software (Multi Channel Systems), installed on the acquisition computer, allowed 
files acquisition. Data analysis was performed off-line using MC_Rack software by 
Multi Channel Systems and NeuroSigX software developed by researchers at 
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Institute for Intelligent Systems Research and Innovation, Deakin University, 
Australia.  
Recording method 
All manipulations and recordings were made in a biosafety cabinet. Each recording 
session consisted of 30 minutes of spontaneous activity recording at 0, 1, 2, 3, and 
7 dpi or 15 minutes of each post stimulus activity recording at 8 dpi for Gabazine 
stimulation assays. Every record started 5-10 min after placing the MEA on the 
amplifier to avoid neuron response to mechanical stress due to movement and to 
allow adaptation to the biosafety cabinet conditions and temperature set by the 
adaptor instead of incubator. MEAs temperature was maintained at 37 degrees 
Celsius through the recording. Half of the media was changed after each recording 
session. The raw continuous voltage traces were filtered to remove the traces of 
field potential below 200 Hz generated by the collectively charged network. The 
high pass filter was comprised of a 2nd order Butterworth filter with cutoff 
frequency of 200Hz. The spike detection threshold was set at 8 times the high-pass 
filtered signal’s standard deviation (Chiappalone et al., 2005) (as measured by 
MC_Rack software, 22 µV) within a 500 ms window.  
Recording time points 
Once the dissociated neurons from mouse embryos were plated in the MEA, the 
cultures were let to grow and maturate for 7 days. At 7 div, these primary neuron 
networks were infected with ZIKV or DENV2 (used as a positive control) at a MOI 
of 0.2.  
For each experimental assay, 6 electrophysiological recordings of spontaneous 
activity were made. The first was done at 7 div before infection and set as reference 
for further analysis. After infection, records were sampled at 1, 2, 3 and 7 days post 
infection (dpi) (Figure 5-1). The last recording took place at 8 dpi for stimulation 
with 20 µM of gabazine (Pegoraro et al., 2010), a GABAA antagonist (Tocris SR 
95531 hydrobromide). Before the introduction of the gabazine, a prerecording was 
done by adding the same volume of solvent (water) in the well as a reference for 
the analysis of the Gabazine stimulus.  
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Figure 5-1: Procedure of primary neuron culture recording on microelectrodes 
array (MEA), infection and temporal recording of Mus musculus embryo primary 
neuron networks on MEA. 
Microelectrode Array data analysis  
Microelectrode array data analysis with MC_Rack: MEA data analysis is 
performed offline with MC_Rack software (Multi Channel Systems, Reutlingen, 
Germany). Active electrodes (AE) are selected if the spike rate for the electrode is 
equal or higher than 0.01 spike per second. Burst electrodes are detected with the 
following parameters: maximum interval to start burst = 100 ms, maximum interval 
to end burst = 100 ms, minimum interval between bursts = 100 ms, minimum 
duration of burst = 10 ms, and minimum number of spikes in burst = 3 (adapted 
from (Chiappalone et al., 2006). The relative total spike (TS) number changes per 
electrode is calculated by: Ratio = ln (TS at time point dpi)/(TS at 0 dpi) for 
spontaneous spike activity. For post Gabazine analysis, the TS reference is changed 
with the activity post stimulation by solvent (water).  
Microelectrode array data analysis with NeuroSigX: MC_Rack files are cut into 6 
filtered files of 5 minutes for spontaneous activity at the different times post 
infection and 6 files of 2 minutes post gabazine stimulation at 8 dpi. Mcd files are 
then converted into txt files (MC_Data tool, MultiChannel System, Reutlingen, 
Germany) and analyzed by NeuroSigX. The NeuroSigX software uses novel spike 
sorting and data analysis algorithms to explore the neural spike activity and spatio-
temporal behaviour of the neuronal network (Veerabhadrappa et al., 2017; 
Veerabhadrappa et al., 2016). A threshold of 22 µV is employed to maintain the 
analytical consistency between the preliminary analysis by MC_Rack software and 
analysis by NeuroSigX. Raster plots, electrode activity maps and mean spike 
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activity data and figures are extracted for temporal and spatial analysis and 
illustration. 
Statistical analysis and graphics  
Graphs and statistical analysis are done using GraphPad Prism 5 software. All 
statistical tests are done using a two-tailed analysis. All statistical results are 
expressed with the p-value using the following annotations: ns for P > 0.05, * for 
P ≤ 0.05, ** for P ≤ 0.01, and *** for P ≤ 0.001.  
 
2) Results 
Virus impact on mouse neuron spike activity  
Given the established neurotropism of ZIKV during mammalian infection, 
functional impact of Zika infection in Mus musculus embryonic cerebral cortical 
cells cultured on MEA was tested. Dengue virus serotype-2 (DENV2) was used as 
a positive viral control. At 2 dpi, ZIKV infection triggered hyperactivity in primary 
neuron cultures (Figure 5-2 and Appendix VII). However, at 7 dpi, the spiking 
activity was significantly and dramatically decreased in ZIKV infected neuron 
cultures.  
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Figure 5-2: Electrophysiological analysis of mouse embryo primary neurons 
spontaneous activity. (A) Raster plots of 5 minutes spiking activity of neuronal 
cultures on Microelectrode array (MEA) at different days post infection (dpi). (B) 
Percentages of active electrodes (AE) and bursting electrodes (BE) during 
spontaneous neuronal activity recording at different dpi of mouse primary neuron 
cultures. (C) Mouse spontaneous spiking activity with average ratio of total spike 
(TS) number per electrode between 0 dpi (reference) and TS number at 2 and 7 
dpi of spontaneous activity. Statistical differences were calculated with unpaired t 
tests by comparing uninfected group to infected groups unless indicated by 
bracket. *P < 0.05; **P < 0.01; ***P < 0.001; means ± SEM.  
 
GABAA or ɤ-Aminobutyric acid, is an amino acid inhibitory neurotransmitter 
widely present in the nervous system (Lummis, 1990; Nistri & Constanti, 1979). In 
order to exclude the possibility of a GABAA-induced inhibitory effect, cultures 
from primary neuron model were treated with gabazine (SR 95531 [2-(3′-carboxy-
2′-propyl)-3-amino-6-p-methoxyphenylpyridazinium bromide]), a GABAA 
antagonist, known to remove neurotransmitter inhibition hence stimulating the 
firing activity of neuronal network (Pegoraro et al., 2010). The electrophysiological 
response (Hosie & Sattelle, 1996; Satoh et al., 2005) was recorded in primary 
neurons and a lack of relative response to gabazine was found compared to solvent 
in cultures infected by ZIKV (Figure 5-3A and Figure 5-3B), as shown on a 3D 
electrodes map (Figure 5-3C). Gabazine or water (solvent) was unable to provoke 
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any response in ZIKV infected primary neurons at 7 dpi, confirming the extreme 
functional silencing of neuronal activity.  
 
Figure 5-3: Electrophysiological analysis of mouse embryo primary neurons 
under gabazine stimulus. (A) Mouse primary neurons stimulated activity with 
average ratio of TS number per electrode between Gabazine stimulus and solvent 
(water) introduction; n= number of active electrodes. (B) Line charts 
representing the average relative change of the mean spike number per electrode 
between the reference (TC water) and the introduction of gabazine at different 
time points. Statistical differences were calculated with unpaired t tests by 
comparing uninfected group to infected groups unless indicated by bracket. *P < 
0.05; **P < 0.01; ***P < 0.001; means ± SEM. (C) 3D electrode activity maps 
of the effect of Gabazine stimulation mouse neuronal networks for 2 minutes, post 
water as baseline and post Gabazine. 
 
Virus dynamics in mouse primary neurons  
To determine ZIKV replication dynamics in mouse neurons, primary neurons from 
embryonic mice were infected with ZIKV and viral titers in the media supernatant 
were measured over time. The results showed that ZIKV replicated in primary 
neuron cultures until 2 dpi (Figure 5-4). However, at 3 dpi, ZIKV titer reduced 
dramatically by 4 logs and slight cytopathic effects were observed in the neuron 
cultures. As control, primary neuron cultures were also infected with DENV2, and 
is replicating in our mouse primary neuron cultures (Figure 5-4). Cultures infected 
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with DENV2 show a growth dynamic with an initial decrease followed by increase 
in virus titers until 3 dpi.  
 
Figure 5-4: ZIKV replication dynamics (using TCID50 in Vero cells) in primary 
neurons from mouse primary neurons (n = 3 per condition). 
 
Immunofluorescence showed that at this time (3 dpi), ZIKV infected neurons 
showed a significant decrease in the neuronal marker Microtubule Associated 
Protein 2 (MAP2) staining compared to the uninfected and DENV2 infected 
cultures (Figure 5-5A and C). Results also showed that at 7 dpi, consistent with the 
functional silencing in spike detection recorded, the significant decrease in the 
number of matured mouse neurons in ZIKV infected cultures was verified with the 
NeuN, neuronal nuclear marker (Figure 5-5B). In contrast, uninfected as well as 
DENV2-infected cultures showed a well-matured network with a significantly 
higher number of mature neurons at 7 dpi (Figure 5-5A and C). These results 
confirm that, even at a MOI of 0.2, ZIKV infection dramatically reduced the 
number of mature neurons, as shown before (Costa et al., 2017). 
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Figure 5-5: Zika virus (ZIKV) dynamics and effects on primary neuron networks. 
(A) Quantification of MAP2 coverage, normalized by the number of DAPI counts 
in mouse primary neuron cultures at 3 dpi. (B) Percentage of mature mouse 
neurons stained with NeuN at 0 and 7 dpi, in mouse primary neuron cultures. 
Statistical differences were calculated with Mann-Whitney U tests by comparing 
uninfected group to the other groups unless indicated by bracket. *P < 0.05; **P 
< 0.01; ***P < 0.001; means ± SEM. (C) Representative confocal images 
showing DAPI marker (blue), NeuN antibody (red), MAP2 antibody (turquoise) 
and its corresponding images with MAP2 staining. Images analysis with ImageJ 
software reveals the differences of MAP2 signalling. 
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Neurotransmitter pathways and synapse response 
Our results show that the decreasing number of mouse mature neurons at 3 dpi is 
preceded by neuronal spiking hyperactivity. In mammals, glutamate is the main 
excitatory neurotransmitter (Danbolt, 2001). A recent report demonstrates the 
efficacy of memantine, a blocker of N-Methyl D Aspartate- glutamate receptor 
(NMDA-R), in decreasing Zika-induced neurodegeneration in the brain of infected 
mice, implying a possible toxic role of the excitatory neurotransmitter glutamate 
(Costa et al., 2017). Real time RT-q-PCR results showed an early significant 
increase in the mRNA expression of EAAT (Excitatory Amino Acid Transporter, 
a glutamate transporter at post-synaptic level) at 24 hours post infection (hpi), but 
returned to baseline level at 2 dpi (Figure 5-6A). On the other hand, mRNAs of the 
Glutamate Dehydrogenase (GD1), a mitochondrial enzyme responsible for 
glutamate oxidation and recycling towards the tricarboxylic cycle by mouse 
astrocytes (Cooper & Jeitner, 2016) (Figure 5-6A), as well as the VGlut (Vesicular 
Glutamate Transporter, a cytoplasmic pre-synaptic glutamate transporter) showed 
no substantial change over time after infection in primary neurons (Figure 5-6A). 
Regarding the GABAA pathway, pre-synaptic GABAA transporter 1 (GAT1) 
mRNA was significantly over-expressed only transiently in ZIKV infected neurons 
at 24 hpi (Figure 5-6B) while the expression profile of the post-synaptic GABA 
receptor remained unchanged over time (Figure 5-6B). Finally, the Voltage-gated 
sodium channel (VGNaC), responsible for the propagation of action potential, 
mRNA expression increased in mouse neurons with a peak at 48 hpi (Figure 5-6C), 
corresponding to the hyper-excitatory phase recorded with MEA (Figure 5-2). 
These results indicate that ZIKV infection leads to differential gene expression of 
glutamate and GABA pathway genes in mouse primary neurons at early stage of 
infection with ZIKV. The early and transient upregulation of EAAT could decrease 
the synaptic concentration of the excitatory neurotransmitter glutamate by increase 
of its transporter. As well, the brief upregulation of GAT1 may improve the 
presynaptic availability of the inhibitory neurotransmitter GABA. However, these 
gene regulation are not enough to compensate the long-lasting excitation post 
infection and first detrimental effects are observed at 3 dpi (Figure 5-5). 
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Figure 5-6: Gene expression comparison after ZIKV infection in Mus musculus 
neuron cultures. Neuron cultures were infected with ZIKV and real-time PCR was 
performed at various time points. (A) Bar plots illustrating mRNA expression of 
Glutamate pathway proteins: Glutamate transporters (EEAT and VGlut) and 
Glutamate dehydrogenase (GD1). (B) Bar plots illustrating mRNA expression of 
GABAA pathway proteins:  GABAA receptor subunit and GABAA transporter 
(GAT1). (C) Bar plots illustrating mRNA expression of Voltage-gated sodium 
channel (VGNaC). All bar plots show mean value with ±SEM (n=3) of fold 
increase compared both to housekeeping gene and uninfected culture (ratio of 2-
ΔΔCt) at the same time point in hours post infection (hpi). Statistical differences 
were calculated with unpaired t tests by comparing mRNA expression at timei to 
timei-1 within each group. 
 
Immunofluorescence result showed that at 7 dpi, there was a decrease of the 
phosphoprotein Synapsin I/II signal in ZIKV infected neuron networks compared 
with uninfected control (Figure 5-7). Along with mRNA data, the decrease in 
Synapsin protein in mouse primary neurons after ZIKV infection confirms the 
importance this protein in neuronal networks and its potential role in neuronal 
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damage mechanisms post infection, as it has been shown to accelerate synaptic 
vesicle traffic during repetitive stimulation (Rosahl et al., 1995). Except the EAAT 
and GAT1 transient and potentially protective regulations, the absence of durable 
regulatory mechanisms in mouse neural tissue to offset the excitatory effect of 
glutamate, notably the absence of upregulation of GD1 for recycling glutamate by 
astrocytes (McKenna 2016), could explain the extensive neuronal death (Costa et 
al., 2017), over and above the viral cytopathogenic effect.  
 
Figure 5-7: Effect on synapses after Zika virus (ZIKV) infection in primary 
neuron cultures. (A) Confocal images of mouse primary neuron culture before (0 
dpi) and post ZIKV infection (7 dpi) at the top, respective Synapsin signal after 
applying image threshold with ImageJ at the bottom. (B) Quantification of 
Synapsin I/II signal, normalized by the number of DAPI counts on the right. 
Statistical differences were calculated with Mann-Whitney U tests for E and 
Wilcoxon signed rank test for F, by comparing 0 dpi to the other groups unless 
indicated by bracket. *P < 0.05; **P < 0.01; ***P < 0.001; means ± SEM. 
 
3) Discussion 
Since its last outbreak in South America, ZIKV infections are linked to neurological 
disorders, such as microcephaly and GBS. Although this is major public health 
concern, there are no approved vaccines or efficient therapies available. Many 
questions remain regarding pathogenesis mechanisms by which ZIKV is infecting 
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the CNS as well as the PNS. Our study uses a mouse primary neuron culture model 
for infection with ZIKV to study its functional impact on neuronal network. 
Extensively used for toxicology assays, rodent primary neurons on MEA gives the 
possibility to monitor short and long-term effects of the drugs on primary neuron 
culture electrophysiology (Novellino et al., 2011). The culture of primary neurons 
on MEA provides the possibility to record electrical signal from the neuronal 
network, which represents a more biologically relevant system (including neurons 
and glial cells) than a one-type cell culture. Indeed, in the primary culture used in 
this study, there are also glial cells, such as astrocytes (Figure 5-8) along with 
mature neurons.  
 
Figure 5-8: Mus musculus primary neuron culture observed under confocal 
microscopy with different staining for neuronal network structure. GFAP staining 
reveals the presence of astrocytes in the culture. Scale bar is 20 μm. 
 
By using the MEA technique, our results show that ZIKV triggers hyperactivity in 
mouse neuronal networks during the early stage of infection. Positive control 
neuron cultures infected with DENV2 also display an increase of neuronal spike 
activity (Figure 5-2). However, this electrical hyper excitation is followed by an 
almost complete silencing of electrical activity in ZIKV infected neuronal networks 
at 7 dpi, whereas. This lack of activity is confirmed by the non-response of the 
network post-gabazine stimulus, where it triggers an increase of activity in 
139 
 
uninfected and DENV2 infected cultures (Figure 5-3). Our results also show 
neuronal loss confirmed by confocal microscopy with a significant decrease in 
number of mature neurons (Figure 5-5B) as well as network density (Figure 5-5A) 
in ZIKV infected cultures.  
Overstimulation by a neurotransmitter, most frequently glutamate, has been shown 
to be neurotoxic at high concentrations to mammalian neurons, with damage or 
death of neighbouring neurons connected by glutamatergic synapses, due to 
metabolic deficit (Choi & Rothman, 1990; Danbolt, 2001). Given the low infective 
virus load (MOI = 0.2) used in this study and low virus replication dynamics, 
excitotoxicity may be partly responsible for the observed massive decrease in the 
number of mature mouse neurons, consistent with results by Costa et al. (Costa et 
al., 2017), by magnifying the virus-induced cytopathogenic effect and associated 
deleterious immune responses. Interestingly, our results show that the virus tends 
to be cleared out from the mouse neuron cultures. Although not complete clearance, 
similar decrease of titer at 4 dpi was observed by Costa et al (Costa et al., 2017) 
using a higher dose of virus infection (MOI = 1). This trend of decreased virus titer 
may characterize a pattern of resistance to the pathogen at the organism level but 
in turn is detrimental to neuronal health (Schneider & Ayres, 2008). This lethal 
mechanism via glutamate was not observed with our positive control with DENV2, 
although the virus is closely related to ZIKV. Electrical recording also showed a 
hyper excitation of DENV2 infected neuronal network but no significant mature 
neuron decrease has been observed. However, these results do not include other 
possible mechanisms of neuron death, such as apoptosis, or cytokines production. 
Neuron cell death could be due to the combination of different mechanisms 
triggered by ZIKV infection, hence the presented data in this chapter are 
contribution to a possible explanation of the observed neuron loss, but not 
exclusively. 
Zika virus infected primary cultures have an increase expression of some key genes 
in neuronal communication, such as VGNaC, GAT1 and EEAT. During cerebral 
ischemia in humans, the increase of EAAT expression is protective (Chao et al., 
2010). In human cases of West Nile virus-induced acute flaccid paralysis, and in 
related hamster model, the EEAT expression is decreased in the spinal grey matter 
(Blakely et al., 2009), demonstrating its association with protection against 
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neuronal damage. The early and transient upregulation of EAAT could decrease the 
synaptic concentration of the excitatory neurotransmitter glutamate by increase of 
its transporter. As well, the brief upregulation of GAT1 may improve the 
presynaptic availability of the inhibitory neurotransmitter GABA. However, these 
gene regulation are not enough to compensate the long-lasting excitation post 
infection and first detrimental effects are observed at 3 dpi (Figure 5-2).  
Our model includes neurons but also glial cells, especially astrocytes, which could 
be affected by the infection, as recent studies have also demonstrated the 
implication of glial cells in ZIKV infection. Li et al. found replicating virus in 
mature neurons as well as astrocytes (H. Li et al., 2016). Another study found that 
oligodendrocytes – also glial cells - were more susceptible to ZIKV than neurons 
(Cumberworth et al., 2017). Finally, after infection of newborn mice, astrocytes 
have been found to be the first cell type to be infected by ZIKV (van den Pol et al., 
2017). Astrocytes have pivotal and multiple roles in the homeostasis of neuronal 
network, at the crossroad of regulation of metabolism, immune response and 
synaptic activity modulation (Haydon, 2001). These findings suggest a key role of 
glial cells and the importance of the neuronal network during ZIKV infection of 
CNS and PNS. Glutamate Dehydrogenase 1, mostly found in astrocytes and 
responsible for glutamate degradation, is not upregulated in ZIKV infected 
cultures, which could be due to a lack of defence mechanisms after increase of 
glutamate or to the absence of astrocytes in the network due to cell death.  
Conclusions 
In conclusion, the present study shows that in vitro ZIKV infection of mouse 
primary neuron networks triggers excitotoxicity leading to neuronal loss (decrease 
of synapses). The use of MEA to record neuronal electrical activity after viral 
infection provides new evidence and insight about ZIKV pathogenesis mechanisms 
and its consequences on neuronal networks. Our results also showed that ZIKV and 
DENV2, another flavivirus, infections prompt different fates for neurons, 
validating the uniqueness of ZIKV infections in mammalians nervous systems. This 
study provides a possible therapeutic target to reduce the impact of Zika virus 
infection.  
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Chapter 5 showed the importance of using primary neuron cultures from the two 
types of host included in the arbovirus cycle. However, mosquito neuron dissection 
from adult brains is a difficult and tedious method, limiting larger scale studies. In 
the next chapter, the MEA technique was used to bring evidence at the 
electrophysiological level that the mosquito continuous cell line RML12 can be 
induced into an electrophysiological active neuron culture, opening then the 
possibility for large scale studies in mosquito neurobiology and neurotoxicology.  
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Electrophysiological evidence of mosquito 
RML12 cell line differentiated into neurons 
 
Neuroactive insecticides remain the principal protection against insects, either to 
protect crops, livestock or humans from depredation and pathogens transmitted by 
vectors (Casida & Durkin, 2013). The need of functional neurons is very important 
to identify new compounds and study insecticide effects on the insect nervous 
system in vitro, still not well understood. Yet, beyond primary cell culture, which 
is tedious and time consuming, there is so far, no effective technique to provide 
high number of neurons in a short period of time. Although primary neuron cultures 
have been developed from a large panel of different insect species at different 
development stages (Beadle, 2006), this method is not suitable for large scale 
studies and requires a lot of work. Insect nervous tissue dissection is very delicate 
and time-consuming practice (Bloomquist et al., 2002).  
To overcome this problem, one solution would be to differentiate continuous insect 
cell lines into neuronal networks when needed. Since 1980s, a number of studies 
have observed that 20-hydroxyecdysone (20HE) in cell culture stimulates neuron-
like morphology of cell lines from different species (Cassier et al., 1991; Cherbas 
et al., 1980; Kislev, Segal, & Edelman, 1984; D. Lynn & Oberlander, 1983; D. E. 
Lynn & Oberlander, 1981).  This insect moulting hormone stops cell proliferation 
(Tamura & Eto, 1985) and blocks cell division (Peel & Milner, 1992) in various 
insect cell lines. The interest in this hormone faded until its re-use, a decade later, 
for its differentiation properties (Auzoux-Bordenave, Hatt, & Porcheron, 2002; 
Jenson et al., 2012). Morphological transformations and induction of long neurite-
like extensions by 20HE in the mosquito Aedes albopictus C6/36 cells have been 
reported (Braeckman et al., 1997). Other studies showed efficient coupling effect 
of insulin/20HE on neurons differentiation of the moth Spodoptera frugiperda Sf21 
cell line (Jenson & Bloomquist, 2015; Jenson et al., 2012). 
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Although these differentiated cell lines have been characterised morphologically as 
neuron-like cells, it does not however guarantee neuronal function. Jenson et al. 
showed neuron-like pharmacological properties in Sf21 cell culture treated with 
20HE. Caffeine, tetrodotoxin and cobalt antagonists, known ion channel blockers, 
stopped the hormone induced processes of cell growth and differentiation (Jenson 
et al., 2012). Moreover, the use of veratridine, a sodium channel activator (Bicknell 
& Schofield, 1981), enhances the differentiation and survival effects. These studies 
highlight potential involvement of neurotransmitter pathways in the differentiation 
process and suggest a path towards neuronal specialization.  In the mosquito Aedes 
albopictus cell line C6/36 treated with 20HE, the authors showed neurite-like long 
extensions with aggregation of F-actin polymerisation (Smagghe et al., 2003).  
Combined, these results hint that differentiated neuron-like cells could be 
functionally similar to authentic neuronal cells. 
Microelectrode array (MEA) is a widely used technology for neurotoxicology 
studies (Hogberg et al., 2011; Johnstone et al., 2010), mainly in mammalian 
models. First used with rat primary neuron culture by Pine in 1980 (Pine, 1980), 
this technology has since been also used in neurophysiology (Obien et al., 2014). 
Work using primary neurons from invertebrates, mainly gastropods such as Helix 
(Massobrio et al., 2013; Massobrio et al., 2009), Aplysia (Hai, Shappir, & Spira, 
2010) and Lymnaea (Harris et al., 2010) have been reported and reviewed 
(Massobrio et al., 2015), and so far has not been tempted yet with insect neurons.  
In this study, a continuous cell line RML12 from Aedes albopictus (Frentiu et al., 
2010; Voronin et al., 2010) was differentiated using 20HE under serum free 
conditions. After confirming the neuron-like morphology, the MEA technique was 
used to explore the electrical spiking activity of the differentiated cells. In addition 
to spontaneous spikes activity, chemical stimuli were employed to confirm their 
neuronal functionality and presence of neurotransmitter receptors. Finally, using 
multi-well MEA (mwMEA), 20HE differentiated RML12 cells were used for 
testing effect of insecticides. 
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1) Materials and Methods 
 
RML12 cell line differentiation and neuron-like parameters 
evaluation 
During regular cell line passage, RML12 cells were plated at 5.105 cells/ml on glass 
coverslips into a 24-wells plate. Cultures were either supplemented with L15 
medium (10% foetal calf serum, 10% Tryptose Phosphate Broth, fungizone and 
penicillin-streptomycin at 50 units/ml) or with serum free and 20HE enriched (2 
μg/ml in 70% ethanol) medium. Each condition had 6 coverslips replicates. Media 
was changed every 3-4 days and cells were allowed to grow on coverslips for 5 
days. At 5 days in vitro (DIV), coverslips were fixed with 4% paraformaldehyde 
for 40 minutes and rinsed 3 times for 5 minutes with PBS. Cells were then stained 
by immunohistochemistry (IHC) and images of slides were taken using a Leica 
DM500 inverted microscope and a Leica digital camera (magnifications ×40). For 
each coverslip, at least 5 pictures were randomly taken and for each condition 6 
different coverslips were assessed. Images were then analysed with ImageJ 
software: the total cell number and neuron-like cells were determined. A cell was 
considered as “neuron-like” if it possessed at least three cytoplasmic extensions 
longer than its cell body. The cell perimeters (calculated by the software from the 
values of the pixels along the line) were extracted after applying a standard 
threshold to the image and applying the “Measure” option in the “Analyse” tab 
(Figure 6-1). Time lapse videos of RML12 cell line under different conditions and 
mosquito primary neuron cultures were made with ImageJ software by importing 
single pictures taken every minute for about 3 days and started 24 hours post cells 
seeding. Individual cell tracking and distances were calculated using the “Manual 
Tracking” plugin of the software. In total, for each time lapse video, 40 cells were 
tracked and their travel distance calculated for 3,900 frames. 
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Figure 6-1: ImageJ image processing. Examples of IHC images (top) being 
converted to 8-bits images and processed with a threshold filter (middle) allowing 
cell perimeter calculation by the software (bottom). 
 
Primary neuron cultures preparation 
Adult Aedes aegypti mosquito female brains were dissected, then isolated in regular 
cell culture L15 media. About fifteen to twenty brains were clustered and 
dissociated by repetitive trituration. Before plating, cells were centrifuged 2 times 
(5× g for 3 min) and then resuspended in 50 µl of clean media.   
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Cell cultures on Microelectrode Array and electrical activity 
recording  
Prior to cell seeding, MEA (MultiChannel Systems, Reutlingen, Germany) were 
pre-coated with 100 µl of polyethyleneimine at room temperature for 30 min, 
followed by three TC-water rinses and finally laminin (0.02 mg/ml, Sigma L-2020) 
was added for 20 min at 37 ºC and 5% CO2. RML12 cells or mosquito primary 
neurons, were plated in the center of the MEAs at 7x104 cells per device and 
allowed to settle for half an hour in the 28 ºC incubator. Once the cells had adhered 
to the bottom of the MEA well, 1 ml of media was added depending of the culture 
condition (RML12 untreated versus 20HE treated and primary neurons). Half of 
the culture medium was changed every 3-4 days excluding the day before recording 
and cultures on MEAs were maintained at 28°C. 
Spontaneous electrical activity was recorded at various days post seeding or days 
in vitro (DIV). Recording were amplified by MCS 1060-INV amplifier (Multi-
Channel Systems, Germany) and recorded by MC_Rack software (Multi-Channel 
Systems, Germany) at a 10 kHz sampling rate for 10 minutes after letting the chips 
rest 5-10 minutes on the adaptor. For chemical stimuli at 7 and 14 DIV, electrical 
activity from MEA cultures was first recorded for 15 minutes after introduction of 
the solvent (TC-water), then with either nicotine (Sigma Aldrich) or gabazine (SR-
95531, Tocris, Bioscience) at the concentration of 100 µM. Media was changed 
after each recording session, and replaced with its respective media condition. 
Differentiated RML12 cultures on multi-well microelectrode array 
and insecticide treatments 
To test possible effect of insecticides treatments on differentiated cells, RML12 
cells were seeded on multi-well microelectrode array (mwMEA), as described 
above. The mwMEA (MultiChannel Systems, Reutlingen, Germany) are composed 
of 6-well with nine microelectrodes at the bottom. These devices are well adapted 
for excitotoxicity testing, as more wells provides more replicates per conditions 
(McConnell et al., 2012). Cells were allowed to differentiate for nine days with 
regular media changes. Before insecticide treatments, spontaneous electrical 
activity of mwMEA were recorded for 30 minutes as baseline control. 
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Two insecticides were used for this experiment: a pyrethroid, permethrin (Sigma 
Aldrich) and an organophosphate, temephos (Sigma Aldrich), both at final 
concentration of 40 μM (Strickland et al., 2017), dissolved in 70% ethanol. 
Gabazine was used as positive control and solvent as negative control. At the end, 
each condition was in triplicate over 2 different mwMEAs. All recordings lasted 30 
minutes and were first done before treatment (baseline) and then immediately after 
treatment. The wells were rinsed and media was replaced. Cell activity was also 
recorded at 24 hour and 5 days post treatment to monitor any long-term 
modifications. 
Microelectrode array recording analysis  
Microelectrode array data analysis was performed with the MC_Rack software 
(Multi Channel Systems, Reutlingen, Germany) offline with raw data. High-pass 
filtered with cut off frequency of 200 Hz was used to remove low-frequency local 
field potentials. Active electrodes (AE) were selected employing the criterion: 
electrode spike rate is equal or higher than 0.01 spike per second. Spikes were 
extracted using threshold-based detector set to an upward excursion beyond 5.5 
times the standard deviation above the peak-peak noise level. The average detection 
threshold was set at 22 μV. A burst was defined by a maximum spike interval within 
a burst of no more than 100 ms, a minimum burst duration no less than 10 ms and 
with a minimum number of spikes within a burst no less than 3 (T. Huang et al., 
2016a). A network burst was counted when two individual bursts are happening at 
the same time.  
For spontaneous activity analysis, the percentage of AE per MEA well was 
calculated, as well as its total spike (TS) number per AE. For the stimulus activity 
analysis post gabazine or nicotine, the relative TS was calculated as ln(TSpost 
solvent/TSpost gabazine or nicotine) to see the difference of activity between solvent and 
chemical introduction. Spike amplitudes post 20 seconds stimuli were extracted 
using MC_Rack software, with 3 ms pre-trigger and post-trigger spike cut out 
parameters. Mcd filtered MC_Rack files of 20 seconds post stimuli or during a 
bursting event window, were converted into txt files (MC_Data tool, MultiChannel 
System, Reutlingen, Germany).  For raster plots, 3-dimension (3D) electrode maps 
and network burst analysis the self-built software NeuroSigX was used. NeuroSigX 
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software uses novel spike sorting and data analysis algorithms as described in 
(Veerabhadrappa et al., 2017; Veerabhadrappa et al., 2016), to explore the neural 
spike activity and spatio-temporal behaviour of the neuronal network 
(http://www.deakin.edu.au/~asimbh). A threshold of 22 µV is employed to 
maintain the analytical consistency between the preliminary analysis by MC_Rack 
software and analysis by NeuroSigX.  
Spike activity analysis after insecticides treatment was adapted from (Strickland et 
al., 2017). Effect of compounds were assessed via effects on network firing rates 
by normalizing the mean firing rate (nMFR) in each well, with the formula: nMFR 
= -1 (MFRtreatment – MFRbaseline)/(0 – MFRbaseline). For wells treated with solvent, 
median absolute deviation (MAD) of nMFR were determined, and where the nMFR 
median of insecticide treated wells exceeded twice the MAD of solvent-treated 
wells (MAD threshold = 0.083), they were considered as abnormal (Sipes et al., 
2013), with significant effect on spontaneous spike activity. 
Statistical analysis and graphics 
Bar plots and statistical analysis are done using GraphPad Prism 5 software. All 
statistical tests are done using a two-tailed analysis and results are expressed with 
the p-value using the following annotations: ns for P > 0.05, * for P ≤ 0.05, ** for 
P ≤ 0.01, and *** for P ≤ 0.001. Graphical representation of the raster plots, 3D 
electrode activity maps and network burst parameters analysis, were extracted from 
NeuroSig software.  
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2) Results 
 
RML12 cell morphology induced by 20HE treatment  
In this chapter, the RML12 cell line from Aedes albopictus larvae tissue was treated 
with 2 μg/ml of 20HE in serum free L15 media. To confirm the morphological 
changes observed after 20HE treatment observed in C6/36 (Smagghe et al., 2003) 
and Sf21 (Jenson et al., 2012) cell lines, our differentiated cultures were grown on 
coverslips, fixed and IHC staining was performed (Figure 6-2.A). At 5 DIV, 20HE 
differentiated cultures showed a significant lower cell number (13.85 on average ± 
3.86 sd) than untreated cultures (90.69 on average ± 13.85 sd) (Figure 6-2.B). Cells 
extensions, either dendrites or axons, were visible, making the cells asymmetrical. 
A significant percentage of cells had three or more cell extensions longer than their 
cell body (Figure 6-2.C), reaching neighbouring cells like a network. Cells 
differentiated with 20HE were significantly larger than untreated cells, with a 
longer cell perimeter, defined as the length of the outside boundary of the cell in 
pixel unit (cell20HE treated = 2.34 ± 1.4 sd and celluntreated = 1.5 ± 0.57 sd) (Figure 6-2.D 
and Figure 6-1). 
 
 
Figure 6-2: Morphological changes induces by 20-Hydroxyecdysone treatment. 
(A) Images of IHC RML12 cell culture at 5 DIV (magnification ×100). Untreated 
culture shows numerous small and round clumped cells, whereas 20HE treated 
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culture displays less, neuron-like cells with extensions. With IHC images, 
different cell parameters, from treated versus untreated cultures, were extracted 
using ImageJ software. (B) Total cell number per image, Mann Whitney test 
(Nuntreated = 24, N20HE treated = 39, U = 0.0), P < 0.0001. (C) Neuron-like cells 
percentage, with neuron-like defined as cell with at least 3 extensions equal or 
longer than cell body, Mann Whitney test (Nuntreated = 21, N20HE treated = 39, U = 
0.0), P < 0.0001. (D) Cell perimeter, Mann Whitney test (Nuntreated = 218, N20HE 
treated = 73, U = 4764), P < 0.0001.  
  
Time-lapse videos of cell cultures, started at 24 hours post plating, revealed cell 
culture dynamics. RML12 untreated cells were very motile, while mosquito 
primary neuron culture was more stable and show neuron processes. RML12 cells 
differentiated with 20HE and maintained serum-free were more motile than the 
primary neuron culture, however had significantly a lower cell travel distance than 
untreated RML12 cell culture (Table 6-1). 
 
Table 6-1: Time lapse recording for cell tracking and motility 24 hours post 
seeding. Results are extracted from the ImageJ software with “Manual Tracking” 
plugin. 
Cell culture 
and condition 
Average 
distance per 
cell (N = 40) 
StdDev of 
distance2 
P, t-student test 
RML12, 10% 
FCS 
11.7384 8.1872 
P = 0.0017 
 
RML12, serum 
free/20HE 
6.9699 4.2143 
P = 0.00016 
Primary 
neurons 
4.0471 2.0434 
 
 
Electrophysiological recording of 20HE treated RML12 cultures 
on microelectrode array 
Although neuron-like processes have been previously observed in 20HE treated 
insect cell cultures, published work did not confirm yet that cells are 
electrophysiologically active. After culturing untreated versus 20HE differentiated 
RML12 cells in MEA wells (Figure 6-3.A), the electrical activity of the cell cultures 
was recorded at various days post plating. Untreated cultures had significantly 
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lower percentage of active electrodes (AE) among the 60 electrodes after 7 DIV 
(Mann Whitney test, P = 0.0078, U = 0.0) with less than 2 % AE compared to an 
average of 57 % AE for 20HE treated cultures (Figure 6-3B). Number of total 
spikes (TS) per active electrode were comparable at 2 and 5 DIV in both culture 
conditions, however untreated cells had a significant lower TS number after 7 DIV 
(Mann Whitney test, P = 0.0042, U = 35.0) (Figure 6-3.C).  
 
 
Figure 6-3: Microelectrode array (MEA) recording and analysis of RML12 cell 
line treated with 20HE. (A) Picture showing RML12 cells 20HE treated cultured 
on the MEA at 5 DIV (magnification × 20). Recording analysis of RML12 cells 
untreated (N = 3) versus 20HE treated (N = 5) from 2 to 7 DIV with (B) the 
percentage of Active Electrodes (AE) and (C) the Total Spike (TS) number per AE 
in natural log (Nuntreated < 5, N20HE treated > 100). 
 
 
Figure 6-4: Microelectrode array (MEA) recording and analysis of RML12 cell 
line treated with 20HE. Bar plots showing the percentage of AE of RML12 20HE 
treated cultures (N = 8) versus Aedes aegypti primary neuron cultures (N = 7) on 
MEA from 7 to 14 DIV (D), and the TS number (N < 220) of AE from the same 
cell cultures (E). 
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Spontaneous activity of 20HE differentiated RML12 cells was compared to the 
spontaneous spike activity of Aedes primary neurons. No significant difference in 
the percentage of AE at 7, 10 and 14 DIV could be found with an average of 58.9 
(± 12.02 sem) and 58.6 (± 5.8 sem) % AE at 14 DIV for 20HE differentiated 
RML12 and primary cultures respectively (Figure 6-4.A). The number of TS was 
significantly higher in 20HE differentiated RML12 cultures at 7 DIV (Unpaired t-
test, P < 0.0001, t = 5, df = 831), but TS number was comparable in both type of 
cultures at 10 and 14 DIV (Figure 6-4.B). Both types of culture also displayed burst 
activity. Primary neuron cultures showed bursts with complex spatial temporal 
patterns, meaning that more than 3 electrodes were implicated in the electrical 
event, for any time post seeding (Figure 6-5.A). 20HE differentiated RML12 
cultures showed bursts with spatial temporal patterns with only 2 electrodes 
implicated at 7 DIV (Figure 6-5.B). However, at 10 DIV, bursts started to show 
more complex spatial temporal patterns, comparable to the ones observed in 
primary neuron cultures (Figure 6-5.C).  
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Figure 6-5: Burst parameter analysis of RML12 20HE treated cells to primary 
neurons. (A) Aedes aegypti primary neuron cultures between 7 and 14 DIV show 
burst activity, with electrode bursts (red lines) and network bursts (green lines for 
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burst start and blue for stop). Examples of burst spatio-temporal pattern from 
network bursts, show dense and numerous electrodes involved in electrical event. 
(B) Same analysis done with RML12 20HE treated cells at 7 DIV. Network bursts 
are present but spatio-temporal patterns less dense and only two electrodes 
involved in most of the network bursts. (C) Same analysis done with RML12 
20HE treated cells at 10 DIV. Network bursts are this time more complex and 
similar to primary neuron cultures network bursts, showing a potential 
maturation of the differentiated network. 
 
To confirm the presence of neurotransmitter receptors in the 20HE differentiated 
RML12 cultures, nicotine (agonist for acetylcholine nicotinic receptors) or 
gabazine (antagonist for GABAA receptors) excitatory stimuli were applied at 7 and 
14 DIV. The introduction of either gabazine or nicotine triggered an excitatory 
response of the differentiated neuronal network (Figure 6-6).  
 
 
Figure 6-6: Effect of gabazine and nicotine stimuli on RML12 cell line treated 
with 20HE and cultured on MEA. (A) Raster plots showing the global MEA 
activity after introduction of either gabazine (left, in blue) or nicotine (right, in 
green) at 7 DIV. (B) Three-dimension (3D) electrode maps showing the effect of 
gabazine and nicotine on 20HE treated RML12 cells at 7 DIV. 
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At the network level, an increase in percentage of AE and BE (Figure 6-7.A) was 
observed. The TS number after the stimuli was compared to the one by solvent as 
control (Figure 6-7.B) and the response to each chemical in differentiated cells was 
stronger (higher TS number) at 14 than 7 DIV. At both times, the response for 
nicotine was stronger than gabazine. Spike amplitudes were, however, higher after 
gabazine stimuli than nicotine and decreased with time with significant lower 
amplitude at 14 DIV than 7 DIV for the nicotine stimulus (Figure 6-7.C). Finally, 
a burst parameter, called inter spike interval (ISI), which corresponds to the time 
(in ms) between spikes in a burst, was significantly decreased between 7 and 14 
DIV for the gabazine stimulus (Figure 6-7.D). 
 
 
Figure 6-7: Spiking and bursting parameters of RML12 20HE treated cells after 
gabazine and nicotine stimuli at 7 and 14 days in vitro (DIV). (A) Active 
Electrode (AE) and Bursting Electrode (BE) after the introduction of the solvent 
(water) or gabazine and nicotine. (B) Bar plots showing the Total Spike (TS) 
number from AE after stimulus relative to its solvent (TC-water), with Mann 
Whitney tests (*P < 0.05; **P < 0.01; ***P < 0.001). (C) Spike amplitudes 
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analysis post stimuli of the 20HE treated cells at different DIV, with unpaired t-
tests (*P < 0.05; **P < 0.01; ***P < 0.001). (D) Mean Inter Spike Interval (ISI) 
in bursts triggered on the network after stimulus (Mann Whitney test for nicotine 
N > 55, P = 0.0714, U = 2692; Mann Whitney test for gabazine N > 50, P = 
0.0047, U = 991.0). 
 
Insecticide effect on RML12 20HE treated cultures on multi-well 
MEA 
To test if the neuron differentiated cell model could be a potential tool for 
insecticide study, 20HE treated RML12 cells were cultured on mwMEA for 10 DIV 
(Figure 6-8.A). The effect of temephos and permethrin on the cultures were 
analysed by comparing the median of the normalizing the mean firing rate (nMFR, 
see methods section for the formula) to the median absolute deviation (MAD) 
threshold of the control wells where only solvent was introduced. Temephos, an 
organophosphate product, largely used as larvicide for mosquito control (World 
Health Organization, 2009b), hydrolyses acetylcholinesterase enzyme, which 
degrades acetylcholine and limit its level at the synapse. Permethrin belongs to the 
pyrethroid insecticide family (Casida & Durkin, 2013), which prevents the closure 
of voltage-gated sodium channels in axons, being excitotoxic. Gabazine was used 
as positive control. Results show that both insecticides had an impact on electrical 
activity of 20HE differentiated RML12 cell cultures. During recording, directly 
after the introduction of the chemicals, all wells containing permethrin had nMFR 
median higher than the threshold, and two out of three wells treated with temephos 
had a higher nMFR median than the threshold. (Figure 6-8.B). The effect of 
permethrin can even be observed 24 hours after the introduction of the insecticide 
with two out of three wells still having a higher nMFR median than the threshold. 
Five days post insecticide introduction, nMFR was comparable to the one of the 
wells treated with solvent, except with one temephos well, which had nMFR 
median higher than the threshold. The percentage of AE pre and post introduction 
of insecticides were not affected.  
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Figure 6-8: Effect of insecticides on 20HE treated RML12 cell line electrical 
activity. (A) Pictures of RML12 20HE treated cells at 10 DIV on multi-wells MEA 
(scale bars correspond to 200 µm on the left and 100 µm on the right). (B) Each 
bar plot represents the average median of normalized mean firing rate (nMFR) 
for each group (± sem), directly during treatment (white), 24 hours post treatment 
(light grey) and 5 days post treatment (dark grey). The high threshold in red was 
calculated with the median absolute deviation (MAD) of wells treated with 
solvent. Each condition is made in triplicates (3 separated wells) with 9 
microelectrodes, so N = 21 for each bar plot. *** indicates that 3 medians out of 
3 wells were higher than the MAD threshold, ** indicates that 2 medians out of 3 
wells were higher and * only 1 median out of 3 wells was higher than the MAD 
threshold. 
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3) Discussion 
 
In this chapter, the Aedes RML12 cell line is responsive to the insect moulting 
hormone 20HE by neuron-like cell differentiation and inhibition of cell 
proliferation (Figure 6-2). As previously shown before, these observations are 
typical of ecdysteroid activity on other cell lines, from fly (Courgeon, 1972; Wing, 
1988), moth (Jenson et al., 2012; Spindler‐Barth, Turberg, & Spindler, 1991), 
mosquito (Braeckman et al., 1997; Smagghe et al., 2003) and other insects (Sohi et 
al., 1995). The same morphological changes were also observed in Anopheles 
MOS.55 cell lines (Figure 6-9).  
 
Figure 6-9: MOS.55 20HE treated/serum free (left) versus untreated cell lines at 
4 and 7 days post seeding, scale bars correspond to 200 µm. 
 
Although reaching a neuronal morphology after ecdysteroid or agonist treatments 
is well documented, electrophysiological properties of these cultures were 
unknown. The rising phase of action potentials are created by voltage-gated sodium 
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channels and necessary for the generation of electric signal in most excitable cells 
(Dong, 2007). Some indirect evidence of the presence of voltage-gated sodium 
channels in 20HE treated Sf21 cultures was shown by veratridine, a sodium channel 
activator (Bicknell & Schofield, 1981), treatment increasing the differentiation and 
survival of the cells. In rat brain neuron primary cultures veratridine has similar 
effects on neuron survival (Salthun-Lassalle et al., 2004), suggesting that the 
differentiated Sf21 cells respond to veratridine in a manner similar to that of 
authentic neural cells. Neuron-like differentiations are also blocked by TTX, which 
is highly specific to sodium channels (Narahashi, Moore, & Poston, 1967). These 
evidences underline the involvement of sodium channel in the process of 
differentiation. 
Our model of 20HE differentiated RML12 cells cultured on MEA, is to our 
knowledge the first proof of spontaneous electrical activity of induced neuron-like 
insect cells. Our results showed that the process is not limited to the RML12 cells 
but Anopheles mosquito cell line MOS.55 treated by 20HE showed comparable 
spontaneous activity at 5 DIV (Figure 6-10).  
 
Figure 6-10: MOS.55 Anopheles continuous cell line treated with 20HE and 
compared to treated RML12 cell cultures. Recording of spontaneous activity of 
MOS.55 at 5 div and compared to 20HE treated RML12 cultures: left y-axis 
shows the average number of total spikes (TS) and the right y-axis the percentage 
of active electrodes (AE). 
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Untreated RML12 cells showed some restricted electrical activity, only on three or 
less microelectrodes over 60 (Figure 6-3) per well. After a week post seeding, 
differentiated RML12 cells have a higher spiking activity than Aedes primary 
neurons, which stabilized afterwards to the same rate. This spiking behaviour has 
also been observed in rat cortical neurons with an increase of spiking rate till 21 
DIV, followed by a decrease of spike rate and stabilization of the neuron network 
after 28 DIV (Chiappalone et al., 2006). The presence of network bursts (Figure 
6-5), which are comparable to the ones observed in Aedes aegypti primary neurons 
cultures, confirmed a functional neuron network in the differentiated RML12 
cultures. Our recording after introduction of gabazine and nicotine indicated the 
presence of GABAA and acetylcholine nicotinic receptors with higher spiking rates 
of the differentiated cultures. These responses increased with the maturation of the 
network (Figure 6-6). The presence of functional acetylcholine receptor and 
pathway, including acetylcholinesterase, was confirmed by the functional assay 
with temephos. The presence of voltage gated sodium channels, as suspected by the 
veratidine experiments (Bicknell & Schofield, 1981) was verified by the effect of 
pyrethroid insecticide on the culture.   
Insect cell lines responding to 20HE have been proposed for in vitro screening and 
identifying hormone analogues (Dinan, Spindler-Barth, & Spindler, 1990; 
Smagghe, Goodman, & Stanley, 2009). Mosquito vectors, responsible for 
transmitting harmful pathogens to humans (Nauen, 2007), have valuable cell lines 
for testing of new and chemically diverse insecticides. Our results show that several 
mosquito cell lines are responsive to 20HE, hence could be valuable for in vitro 
screening of new substances with an ecdysone-like mode of action. Culturing 20HE 
differentiated mosquito cell lines on MEA brings this tool a step further into 
insecticide testing. Neuron differentiated RML12 cells could indeed show spiking 
activity modifications after insecticide introduction in the culture (Figure 6-8). This 
new model and technique could open a new way to test synthetic insecticides which 
have an effect on the insect nervous system (Casida & Durkin, 2013), such as 
organochlorides, organophosphates, pyrethroids (Zlotkin, 1999), and 
neonicotinoids (Matsuda et al., 2001). The need of new insecticides is an important 
issue, as the massive use of synthetic insecticides has caused many species of 
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arthropod pests, including human disease vectors, to develop resistance 
mechanisms (reviewed in (Hemingway & Ranson, 2000)) to withstand insecticide 
treatments because of the selection pressure on insect populations. Beside 
toxicology studies, the impact of neurotropic virus has been previously assessed by 
MEA on mosquito neuron primary cultures in chapter 4. Using differentiated cells 
could prove to be an easier method for studying virus/mosquito interactions at the 
neuronal level. 
In conclusion, using MEA technology, this work validates that 20HE induced cell 
lines do not only have neuron-like morphology but are also electrophysiologically 
active. The culture of differentiated RML12 cells on the chips also showed indirect 
evidence of the presence of GABAA and cholinergic receptors, as well as voltage–
gated sodium channels within the 20HE treated cultures. This study brings new 
tools, for insect in vitro studies, to investigate mode of action and resistance 
mechanisms of insecticides.  
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Discussion, conclusions and perspectives 
 
1) General conclusions and discussion 
 
The thesis demonstrated that arbovirus infection can have a significant impact on 
female mosquitoes. This work brings new evidence of the consequences of 
mosquito-borne infection at different levels of the infected mosquito vector Aedes 
aegypti.  
 
a. Flavivirus infections have important effects on the mosquito 
vector 
This PhD highlighted some key changes on the mosquito vector Aedes aegypti after 
infection with Zika or dengue viruses.  
 
Mosquito’s fitness 
In this thesis, the term of fitness applied for Aedes aegypti females, is defined as 
the expected lifetime reproductive output. This definition is also used for the term 
“absolute fitness” which is “the degree to which an organism is able to live and 
reproduce in a given set of environments” (Endler, 1986). Hence to follow the 
fitness of female mosquitoes, different parameters were measured such as survival 
and average number of eggs laid per female.  
In the chapter 4, no significant survival difference could be detected after infection, 
neither with Zika or dengue virus. Although the difference was not significant, it 
appears that ZIKV did increase mosquito mortality and it is possible that this lack 
of significance may simply reflect that the results presented were not sufficiently 
powered to detect it. No previous data are available regarding the mosquito survival 
after Zika virus infection. However, a decrease in survival has been found after 
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dengue virus infection in Aedes aegypti (Maciel-de-Freitas et al., 2011). The results 
specified yet, that this increase of mortality rate was observed only after 12-15 days 
post infection. The experimental protocol in the chapter 4 of the thesis only record 
the survival of infected females up to 14 days post infection, maybe missing the 
negative impact of the infection afterward.  
Chapter 3 showed that infected females laid significantly less eggs (Table 3-3) after 
the first infectious blood-meal as well as after the second uninfected one. This 
results is supported by previous work, which showed that dengue virus infection 
caused females to lay fewer eggs than uninfected ones (Maciel-de-Freitas et al., 
2011; Sylvestre et al., 2013). Reduction in fecundity induced by parasite infection 
has also been previously described in other vector/parasite interactions, such as 
sand-flies infected with Leishmania (Carrington et al., 2013), Aedes trivittatus 
mosquitoes infected with Dirofilaria (Christensen, 1981) and blackflies infected 
with Onchocerca (Renshaw & Hurd, 1994). This cost on vector reproduction is 
thought to be the consequence of a depletion of resources due to direct competition 
of the mosquito energy needs with pathogen growth (Hurd, Hogg, & Renshaw, 
1995). 
 
Mosquito’s behaviour 
Chapter 3 and 4 showed significant behavioural changes after viral infection in the 
vector Aedes aegypti. Only a handful of studies looked at the possible consequences 
of arbovirus infection at the behavioural level in the Aedes aegypti vector, despite 
being main vector of important arboviruses 
Firstly, chapter 3 showed that dengue virus infection can modify female oviposition 
choice, probably by interfering into their olfactory preferences. Secondly, chapter 
4 demonstrated a global locomotion activity change after dengue and Zika virus 
infections compared to uninfected females. However, the analysis revealed that the 
two flaviviruses do not trigger the same behavioural changes. Zika virus increases 
the locomotion activity during the day, while the increase is nocturnal for dengue 
infected mosquitoes. The increase of activity was observed as early as the first 
oviposition after an infectious blood-meal with Zika, whereas changes occurred 
later, after the second blood-meal in dengue infected females. Finally, the space 
164 
 
occupation, in laboratory conditions, was increased in both groups as early as 4 
days post infection.  
The only closely related study to these founding was the observed increase of 
activity in in dengue virus infected Aedes aegypti by Lima-Camara et al. (Tamara 
N Lima-Camara et al., 2011). Yet, their experimental setup diverges from the one 
described in this thesis: virus intrathoracic inoculation versus blood meal, small 
glass tubes versus cages for activity recording.  
 
Mosquito’s neurophysiology 
There is growing evidence that arbovirus infection disrupts the vector 
neurophysiology.  A recent study, using a couple of viruses from each Flaviviridae, 
Togaviridae, and Bunyaviridae families, identified that mRNA expression levels of 
19 common genes were induced after infection in Aedes aegypti on day 6 (Zhu et 
al., 2017). From these up regulated genes, 5 of them have a role in the insect 
neurophysiology. The authors showed that the infectious blood meal resulted in the 
activation of the GABAergic pathway through glutamate-derived GABA 
production from blood digestion. The GABAergic system is a major neural 
inhibitory mechanism and plays a vital role in immune regulation. Indeed, GABA 
has several functions in mammalian immune cells (Dionisio et al., 2011; Reyes-
García et al., 2007). The GABA signalling increase repressed antiviral responses, 
via the Immune Deficiency (Imd) pathway, thus enabling viral infection of the 
mosquito vector (Zhu et al., 2017). In accordance with its role in the immune 
system in mammals, the activation of the GABAergic system by virus infected 
blood ingestion suppresses the antiviral immune responses induced in the mosquito 
vector Aedes aegypti. 
Disruptions of neuronal pathways might be also triggered by the presence of the 
virus in the insect nervous system. It is now known that flaviviruses are present and 
actively replicate in the insect nervous tissues ((Girard et al., 2004; Salazar et al., 
2007)) and neurons (Figure 4-4).  Chapter 4 of this thesis showed the possible 
impact of viral infection on the vector nervous system in vitro, via extra-cellular 
recording from mosquito primary neurons cultured on microelectrode array. The 
electrical recording analysis revealed a modification of neuron activity (i.e. 
hyperactivity) post infection. Zika virus infection also changed the gene expression 
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level of the glutamate excitatory pathway, in both Aedes aegypti primary neuron 
cultures. In concordance with (Zhu et al., 2017), the GABA pathway was affected 
by Zika infection with an increase of GABA receptor unit gene expression two days 
post infection.  
Given the close relationship between arboviruses and their mosquito vectors, 
viruses have evolved to use and exploit some mosquito molecular mechanisms to 
facilitate their replication and transmission. In addition, results from this thesis 
would suggest that the behavioural differences caused by ZIKV versus DENV2 in 
the vector would be related to viral gene products (increase of gene expression) and 
their interactions with neurons or other cells from the vector, rather than differences 
in tropism or viral replication levels. 
 
b. Virus-mosquito interaction studies are important to 
understand infection in mammalian host 
 
Several mosquito-borne arboviruses invade the central nervous system of their 
vertebrate hosts, resulting in dramatic neuropathologies. 
Chapter 4 and 5 revealed an interesting parallel between mouse and mosquito 
models for neuronal network and infection with ZIKV. In both vertebrate and 
invertebrate systems, ZIKV triggers hyperactivity in neuronal networks during the 
early stage of infection. Overstimulation by a neurotransmitter, most frequently 
glutamate, has been shown to be detrimental to mammalian neurons, with death of 
neighbouring neurons by metabolic deficit, leading to rapid loss of neurons (Choi 
& Rothman, 1990). Such neuronal loss is observed in the mouse model of Zika 
infection, coinciding with the electrophysiological recording, which indicates 
hyper excitation and potentially excitotoxicity. A comparative approach of these 
two chapters provides evidence that Zika virus triggers excitotoxicity in both 
models. Given the low infective virus load (MOI 0.2) used in these studies and low 
virus replication dynamics (Figure 4-4 and Figure 5-4), excitotoxicity may be partly 
responsible for the observed dramatic decrease in the number of mature mouse 
neurons (Figure 5-5), consistent with results by Costa et al. (Costa et al., 2017), by 
magnifying the virus-induced cytopathogenic effect and associated deleterious 
immune responses.  
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On one hand, the apparent absence of cellular electrophysiological response in 
mouse culture leads to a drop of viral replication and results in a resistance 
mechanism limiting ZIKV replication but in turn is detrimental to neuronal health. 
Nonetheless, it is important to notify that no other cellular responses, such as 
cytokines, caspases, or other stress responses, were measured. The mechanism 
behind how mosquito neurons are protected from excitotoxicity is unknown.  
However, results indicating increase of GD1 and EAAT in mosquito neuron culture 
could participate towards the tolerance to virus infection pattern (Schneider & 
Ayres, 2008), maintaining virus replication. Furthermore, Zika virus changes 
mosquito locomotion behavior after infectious blood meal, potentially extending 
both virus and vector range. In strong contrast with the deleterious impact on human 
embryos, relatively benign interactions between ZIKV and mosquito put forward 
the idea of ZIKV neurotropism being selected in the vector. The parallel between 
these two studies underlines the importance of such comparative approach in dual 
hosts systems and opens up new paths for understanding other human arboviral 
pathogenesis by also focusing on the vector. 
Given the severe neurological and embryological consequences of some 
Flaviviruses, particularly Zika, and the absence of specific and effective 
therapeutics, no avenue should be neglected in understanding virus pathogenicity. 
Tolerance response of the mosquito neuronal infection model, as a result of long 
evolutionary history, proves to be a good starting point from which to understand 
ZIKV pathological mechanism in mammalian central nervous system. Hence, a 
comparative approach in dual hosts systems and could open up new paths for 
understanding of human arboviral diseases. 
 
 
 
 
 
 
167 
 
2) Perspectives and future work 
 
a. Perspectives 
The results of this thesis have brought valuable insight in different fields of 
applications. 
Vector control strategy 
Mosquitoes play an essential role in ecosystems, hence removing mosquitoes as a 
solution to reduce human arboviral infections, whether with pesticides or traps, 
might just be a short-term solution and damage the environment. Mosquitoes have 
important roles in an ecosystem: some species are important plant pollinators 
(Foster, 1995), and similarly adult and larvae mosquitoes serve as a food source for 
several animals such as fish (Kumar & Hwang, 2006), dragonflies (Shaalan & 
Canyon, 2009), migratory songbirds (Vitz & Rodewald, 2012), and bats (Clare et 
al., 2009). 
Understanding the virus-mosquito interactions might lead to efficient applications 
to prevent arboviral diseases. Some applications are already in place, such as 
transgenic mosquito lines (de Valdez et al., 2011), already in the laboratories, or 
the use of symbiotic organisms, such as Wolbachia (Yakob & Walker, 2016), in 
field trial stage. But understanding how arbovirus infection changes the behaviour 
of its vector could also lead to some ground-breaking methods to target only 
infected mosquitoes. Hence vector interventions targeting only infected mosquitoes 
would not likely lead to the development of mosquito resistance, because infection 
rates in vectors are very low, even during epidemics. As shown in this thesis, an 
infected mosquito behaves differently, with possible change olfactory choices in 
oviposition or host selection. Therefore, these data are important to incorporate into 
transmission risk models. 
 
Pharmacology 
The parallel work done with Mus musculus and Aedes aegypti primary neurons on 
a microelectrode array, helped to understand some of the common mechanism of 
excitotoxicity via glutamate, which has different consequences on the cell model 
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fate. Investigating how the mosquito tolerate infection in its nervous system could 
help to find some therapies, cure or prevention to infections in mammals, including 
humans.  
The mosquito brain, similarly to the mammalian brain, could be sensitive to viral 
infection (Girard et al., 2004; Salazar et al., 2007). In vivo, the mosquito antiviral 
machinery has been shown to be efficient in limiting the viral burden to a safe level 
(Carrington et al., 2013). However, little is known about the neuron-specific 
antiviral mechanism in mosquitoes. The AaHig gene is a homologue of the 
Drosophila neural factor Hikaru genki (Hig) and is a secretory protein that is 
specifically expressed in the nervous system. The protein is essential for the 
development of fly neural circuits (Hoshino et al., 1996) and is highly expressed in 
the mosquito central nervous system. It has been shown that AaHig controls viral 
replication specifically in the nervous system by interfering with viral entry, and its 
activity prevents lethal flaviviral infection of mosquitoes (Xiao et al., 2015). In this 
study, it has been shown that neural cells have an AaHig enriched surface and that 
the surface envelope proteins of flaviviruses proteins interacted with AaHig. Their 
results demonstrated a necessary viral- membrane binding and anchoring to activate 
the antiviral function of AaHig. The membrane protein still allows viral attachment 
to the mosquito cell membrane, but AaHig has been shown to block the 
internalization of the induced virus in mosquito cells. The inhibition of viral entry 
by AaHig limits viral replication specifically in the nervous system preventing 
lethal flaviviral infection of mosquitoes. Understanding neuronal interactions 
between mosquito-borne viruses and their vectors, could lead to novel therapeutics 
to limit lethal introduction of virus in mammalian nervous system.  
Insect primary neuron cultures are however not easy to harvest, as extracting 
neurons from mosquito requires some dissection skills, is time consuming and 
would be difficult to achieve at a large scale for pharmacological studies. Chapter 
6 introduces the RML12 mosquito cell line as a possible alternative to this problem. 
Indeed, a hormone treatment of RML12 culture by 20-hydroxyecdysone triggers 
neuronal differentiation. Previous studies have observed the 20-hydroxyecdysone 
effect of inducing neuron-like cell shape (Jenson et al., 2012), and chapter 6 of this 
thesis confirms their electrical activity and presence of neuro-receptors by extra-
cellular recordings with microelectrode array. This model represents a good 
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alternative to primary neuron cultures for insecticide testing but also arbovirus-
neuron interaction in vitro.  
 
b. Future work 
This project started a new multidisciplinary approach to study arbovirus-vector 
interactions at different levels. It is without saying that our behavioural setups and 
techniques can be applied with different vector species (Aedes albopictus, Culex 
species), and with different viruses or viral strains (West Nile virus, dengue 
serotypes 1, 3 and 4, Japanese encephalitis virus …). Results from other models 
would be very valuable to compare with the ones demonstrated in this thesis.  
The observed oviposition choice changes after dengue infection in chapter 3 would 
need further investigation to confirm which possible mechanism has changed after 
the virus entry in the vector. The alteration of olfactory choices could be linked to 
a modification of olfactory receptors, at the expression (receptor quantity) or 
protein level (sensitivity of the receptor). Another hypothesis would be that the 
virus itself is binding to the neuro-receptor and changes their neuro-transmission. 
The last hypothesis is that the virus modifies one or several neuronal pathway(s), 
which would secondarily trigger some changes to the neuron network 
communication mechanisms. 
The locomotion activity increase observed after Zika and dengue infection in 
chapter 4 has been demonstrated to be possibly linked to the increase of glutamate 
in the vector central nervous system. However, functional experiments to confirm 
this mechanism are necessary. For instance, replicate the locomotion activity 
behavioural experiments including another groups of monitored females infected 
or uninfected, which have been previously treated with a glutamate agonist and 
antagonist.   
Finally, we concluded the chapter 5 by linking the mouse mature neuron death to 
the increase of spike activity and probably glutamate excitotoxicity. In order to 
confirm this conclusive hypothesis, one of the possible protocol would be to add 
glutamate receptor blockers to limit or stop the spike activity post Zika virus 
infection and then examine mature neuron survival. However, some experimental 
questions would have to be investigated in order to apply this protocol, such as 
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which type of glutamate blocker, the optimal concentration for the blocker, and the 
time of treatment post infection. 
Although this thesis uses several techniques to reply to the main question, some 
other new techniques could reinforce the results.  
Firstly, another perspective to this work would be the use complex and developed 
techniques for behavioural assay allowing individual tracking and more complex 
behaviour recording. One of the main challenges met by scientists for recording 
behaviours in the laboratory is to mimic natural conditions without using restrained 
animals, as it would provide only one modality of feedback (Harvey et al., 2009). 
Stowers et al. developed a virtual reality system allowing free-moving animals to 
be immersed in a reactive 3D controlled world computer. This technique has been 
shown to detect in three different models, fly, fish and mouse, behaviours 
differences previously undetectable (Stowers et al., 2017). Freely flying 
Drosophila showed different flight trajectories than the ones with a head 
immobilization, often used in tethered behavioural assays for the study of fly vision 
(Kim, Fitzgerald, & Maimon, 2015). Another newly technique allowing rapid and 
selective modulation of the activity of defined neurons in freely-moving animals is 
FlyMAD using Drosophila model (Bath et al., 2014). The technique has an infrared 
laser to target unrestrained walking flies using computer vision. Then temperature-
sensitive silencers and activators are used to control defined neuronal cell types, 
genetically modified, within seconds or even fractions of a second. These two novel 
techniques could be used with the mosquito model for precise detection of 
behavioural changes post infection and even determine precise neuronal pathways 
modified after viral infection.  
Secondly, transcriptomic techniques, both RNA-sequencing and microarrays, 
allow high-throughput ways to profile the transcriptome of an individual or cell 
types (Malone & Oliver, 2011). Deep sequencing of female mosquito heads, 
infected and uninfected at different time points would greatly improve our 
understanding about neuronal pathways affected by the infection. Global 
transcriptome analysis of Aedes aegypti in response to different flavivirus infection, 
dengue, Yellow fever, and West Nile viruses, showed up and down regulation of 
common gene expression, suggesting conserved mechanisms of infection within 
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the group of viruses tested (Colpitts et al., 2011). Changes in gene expression 
depends of the type of tissue tested (Bonizzoni et al., 2012) and the time post 
infection (Etebari et al., 2017), witnessing for the complexity of changes induced 
after the entry of virus into its vector. A major study has published the full 
neurotranscriptome of the vector Aedes aegypti (Matthews et al., 2016), and 
detected various changes of gene expression in nervous tissues after a blood-meal 
and oviposition for female mosquitoes and different transcripts depending of the 
sex of the mosquito. A similar work comparing the neurotranscriptome of infected 
versus uninfected females would be of great value to identify the impact of 
infection on the vector nervous system.  
Finally, the use of gene editing technologies to decipher neuronal pathways 
involved during a flavivirus infection, would help to study specific pathways during 
the mosquito infection. The recent technique of clustered regularly interspaced 
short palindromic repeats (CRISPR) associated with the gene Cas9 represents a 
very valuable system for the precise genome modifications (Sun et al., 2017). 
Unless other gene editing techniques, such as RNA interference, the CRISPR/Cas9 
method allows precise changes at the genomic level, such as alteration of gene 
expression or insertion of coding sequences, which are stable and heritable (Perkin, 
Adrianos, & Oppert, 2016). This technology has already been used with the model 
insect Drosophila melanogaster. Using this animal model, the technique has been 
shown to be easy to produce modified flies and represents an accessible method for 
genome editing, allowing the production of engineered flies within a month. 
Moreover, the variety of genome modifications enabled by the CRISPR/Cas9 
system, creates many possibilities in neurosciences research (Gratz et al., 2013). 
The CRISPR/Cas9 system used to modify the genome of Aedes aegypti by 
silencing, demonstrated the major role of microRNA genes in the insect 
reproduction. By genetically disrupting the microRNA-309 gene expression with 
the CRISPR/Cas9 technique, the authors showed a developmental failure of 
primary follicle formation (Zhang et al., 2016). Hence, this new technique could be 
a valuable tool for vector control strategies, and some of them are being already 
tested. For example, one of the strategies would be to convert female mosquito into 
harmless males (A. B. Hall et al., 2015). Male sex determination is controlled by a 
factor called M located on the Y chromosome in the M locus. By targeting the 
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functional M factor by using CRISPR/Cas9 technique, the authors successfully led 
a feminization of mutated males resulting in genetically modified females with an 
almost complete male sexual apparatus. These early results showed the possibility 
and the potential of CRISPR/Cas9 technique in two main insect models, potentially 
leading to breakthrough in neuroscience and virus-vector interactions. 
The results from this PhD brought new insights regarding the virus-vector 
interactions improving the knowledge in this research area still not completely 
understood. The multidisciplinary aspect of this project was an asset, which should 
be completed with various models employing high-tech methods (virtual reality, 
deep sequencing and CRISPR/Cas9) to understand the bigger picture of the 
arboviral infection in insect vectors. 
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Appendix 
 
Assessment of 
ICount software, a precise and fast egg counting tool for the mosquito vector Aedes aegypti.pdf
 
Appendix I: Egg counting method for Aedes aegypti, DOI 10.1186/s13071-016-
1870-1. 
 
 
Activity and Flight 
Trajectory Monitoring of Mosquito Colonies for Automated Behaviour Analysis.pdf
 
Appendix II: mosquito monitoring method, DOI 10.1007/978-3-319-26561-2_65 
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Appendix III: Summary of n used for statistical data analysis of confocal images 
(Chapter 4). 
  
Figure 4-11B Figure 4-11C 
n, images 0 dpi 7 6 
Uninfected 13 12 
ZIKV infected 10 11 
DENV2 infected 12 11 
n, total cells 
number  
0 dpi 333 98 
Uninfected 565 240 
ZIKV infected 206 527 
DENV2 infected 565 397 
n, coverslips 0 dpi 3 2 
Uninfected 4 4 
ZIKV infected 3 3 
DENV2 infected 3 3 
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Appendix IV: Aedes aegypti activity monitoring post infectious blood-feeding 
replicates. Generalized additive modelling and for Aedes aegypti activity time 
series analysis post infectious blood-meal (0 dpi, first blood-meal) and non-
infectious second blood meal (7 dpi) for ZIKV virus infection (n = 13) (A) and 
DENV2 (n = 25) (B). Each respective experimental duplicate has its 
corresponding polar activity in respect to light conditions, its survival curve (ns 
meaning “not significant”) and its raw data line chart for mosquito female 
activity during the day (100% light) showing 24 hour oscillations. Each data 
point of the line chart represents one hour average of the sum of 10 minutes 
recording (±SEM). Two ZIKV and DENV2 infected groups are significantly 
different than uninfected with respectively P < 0.0001 (Two-tailed Wilcoxon 
signed rank test, W = -9625) and P = 0.0003 (Two-tailed Wilcoxon signed rank 
test, W = -5553). 
204 
 
 
Appendix V: Temporal analysis of Aedes aegypti neuronal network spontaneous 
activity on microelectrode array post infection. (A) Mosquito cultures bar plots 
representing the average proportion of Active Electrodes (AE) and Bursting 
electrodes (BE) per MEA for each group at different time points post ZIKV and 
DENV2 infections. (B) Bar plots representing the average ratio of total spike (TS) 
number per electrode between 0 dpi (reference) and TS number at 2, 3 and 7 dpi of 
spontaneous activity. All bar plots show mean value with ±SEM and statistical tests 
p-value are indicated on top of bars when compared to uninfected value. (C) 
Summary of statistical data analysis of mosquito neuron cultures spontaneous 
activity at different times post infection. 
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Appendix VI: Summary of n used for statistical data analysis of confocal images 
(Chapter 5). 
  
   
  
Fig. 5-5A Fig. 5-5B Fig. 5-7B 
n, images 0 dpi - 8 7 
Uninfected 8 18 13 
ZIKV infected 7 11 12 
DENV2 infected 6 10 - 
n, total cells 
number  
0 dpi - 1845 333 
Uninfected 1294 2366 565 
ZIKV infected 878 761 565 
DENV2 infected 770 1725 - 
n, coverslips 0 dpi - 2 2 
Uninfected 2 3 3 
ZIKV infected 2 4 3 
DENV2 infected 2 4 - 
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Appendix VII: Temporal analysis of Mus musculus neuronal networks 
spontaneous activity on Microelectrode array post infection. (A) Mouse cultures 
bar plots representing the average proportion of Active Electrodes (AE) and 
Bursting electrodes (BE) per MEA for each group at different time points post 
ZIKV and DENV2 infections. (B) Bar plots representing the average ratio of total 
spike (TS) number per electrode between 0 dpi (reference) and TS number at 1, 2, 
3 and 7 dpi of spontaneous activity. All bar plots show mean value with ±SEM 
and statistical tests p-value are indicated on top of bars when compared to 
uninfected value. T-test results are summarized in (C) Table. 
 
 
 
 
 
